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PREFACE 


Mellor’s ‘Comprehensive Treatise’ has long been regarded by chemists the 
world over as one of their most valuable sources of information. That this is 
still true, even though the original work was completed twenty years ago, is 
very clearly shown by the continuing steady demand for the book. 

Nevertheless, the publishers decided that, with the vast growth of chemi- 
cal knowledge, the time had now arrived when Mellor should be brought up to 
date. Consideration showed that to rewrite the whole work would be so vast 
a labour as to be inordinately costly in money and in time; moreover no such 
reconstruction: could hope to retain or recapture that personal and individual 
flavour, so delightfully characteristic of the author. 

Hence it appeared that the proper course would be to prepare a Supplement 
to the ‘Comprehensive Treatise’ such that the chemist seeking information in 
some particular field of inorganic chemistry might find all he desired to know 
by consulting the appropriate Volume of the original work together with the 
corresponding Volume of the Supplement. 

The aim was, therefore, to produce the series of Supplements as quickly 
as possible and at a relatively low cost so that it might be possible, in the 
future as in the past, for the individual chemist himself to possess the 
Volumes dealing with fields of inorganic chemistry in which he was especially 
interested. To achieve this, the Editorial Board, with the support and en- 
couragement of the publishers, resolved to distribute the task of writing among 
a considerable number of authors, each specially qualified to deal with his 
particular field, and to relieve them of much tedious labour by establishing a 
central bureau responsible for collecting, carding and classifying abstracts of 
the relevant literature. It was decided, moreover, to use as the principal 
initial source of information the abstracts and index of ‘Chemical Abstracts’, 
published by the American Chemical Society, since sample surveys showed 
that the errors and omissions thus incurred would be insignificant, and the use 
of these sources has enabled the Editors to reduce to a minimum the time 
necessarily occupied by so extensive a search for information. 

The preparation of this supplementary volume has involved the study of 
some 21,000 abstracts; many of these have been rejected as irrelevant or 
unimportant but over 11,000 references have been used in the text and of these 
a large proportion have needed some further study of the original papers. 

Although an undertaking of this magnitude naturally requires a certain 
uniformity of procedure in construction, the Editors have neither desired nor 
attempted to impose restrictions that would prevent contributors from pre- 
senting, in their own terms of detail and emphasis, a comprehensive account 
of advances in their respective fields. That being so, some slight duplica- 
tion of recorded information is inevitable, but the Editors have felt that this 
repetition, if occasional and if kept within proper limits, is not altogether 
undesirable. The consideration, for example, of isotopy is relevant both to 
atomic weights and to radiochemistry, and there are many similar cases where 
some duplication is necessary to make separate Sections each properly com- 
plete and informative. Moreover it would be impossible, even if it were 
desirable, to ensure that the degree of detail in which comparable matters are 
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discussed should be even approximately the same throughout the work and, 
subject to the general criterion indicated above, this matter has been left 
largely to the discretion of each individual contributor. The whole work may 
thus be regarded as an integrated series of monographs, each reflecting the 
judgement of its author in its emphasis, in its ‘fine structure’ and even in its 
horizon, but each interlocking with others to produce a pattern of information, 
selection and criticism which may serve to assess both the present value of 
the material recorded in the original Treatise and the significance of more 

recent and contemporary research. . 

References, collected at the end of each Section or sub-section, are numeri- 
cally keyed to the text, and a note on each page shows where the relevant re- 
ferences are to be found. Thus is avoided what many, including Mellor himself, 
have regarded as a defect in the original Treatise. By giving the Chemical Ab- 
stracts reference as well as that to the original paper, a check is provided 
which may facilitate a search for additional details or avoid loss of time over 
an inappropriate reference. It may be noted also that the Section is the unit for 
enumeration of Tables and Figures. 

It should here be remarked that although the objective is to make the 
Supplements ‘comprehensive’ with regard to inorganic chemistry (though not, 
in general, to cognate matters such, for example, as manufacturing processes 
or physiological properties) the references do not pretend to be exhaustive. 
It has been left to the judgement of authors to decide what references should 
be incorporated to make the work ‘comprehensive’ in the sense intended. 
Throughout, the criterion as to what should be included has been that the 
competent chemist, seeking information on a particular field of inorganic 
chemistry should, by consulting the original Volume and its Supplement, 
obtain a clear and reasonably complete picture of useful knowledge in that 
field. 

Since such a picture implies an adequate background, the Editors make no 
apology for having deliberately strayed sometimes beyond the strict confines 
or inorganic chemistry to discuss cognate matters like the fluorocarbons, 
spectroscopy and the biological aspects of radiochemistry, and to give a 
general indication of the principal directions of recent advances in such 
fields. Whereas the original Treatise was concerned not only with inorganic 
chemistry but also with ‘Theoretical Chemistry’, it has been recognized 
that the latter field has so developed in the last twenty years that its inclu- 
sion in the Supplements would needlessly overburden the work. The reader 
desiring an exposition of some physico-chemical theory or principle is there- 
fore referred to a standard work on this subject such as the ‘Advanced Treatise 
on Physical Chemistry’ by Professor J.R. Partington. On the other hand the 
present Supplements aim at presenting all the available data on the physical 
and physico-chemical properties of each element and compound reviewed, and 
in so doing an attempt has often been made to indicate the degree of importance 
attached to such data by the contributor. 

In deciding where to deal with the salts of metals an arbitrary choice had 
to be made, and it seemed most convenient to follow the convention estab- 
lished by Mellor: the hydrides, oxides, halides, sulphides, sulphates, car- 
bonates, nitrates and phosphates are dealt with under the metal present as the 
basic radical; all other salts of all the metals are dealt with under the acids 
from which they are derived. 

This Supplement, dealing with the Halogens, includes two fields in which 
major developments have occurred in the last two decades: the chemistry of 
fluorine and the radiochemistry of the halogens. It is for this reason that 
fluorine chemistry has been treated very fully, including the industrial pro- 
duction of elementary fluorine on which all else so much depends. The 
Editors are greatly indebted to all the authors for their enthusiastic interest in 
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the work and for their very loyal acceptance of the necessary editorial control, 
but they would record especial thanks to Mr. H.R. Leech who, writing at an 
early stage and extensively in a difficult field, gave them much wise and 
candid criticism and offered many constructive suggestions which mda to 
determine editorial policy and the general form of the work. 

The radiochemical Sections presented special difficulties because they 
cover new ground, familiar to only a few, and because the literature is as yet 
but imperfectly indexed. Here, therefore, it was necessary to rely largely 
on literature surveys made by the contributors themselves and the Editors 
would record their indebtedness to Dr. Nicholas Miller for his valuable ser- 
vices in directing and co-ordinating this part of the work. It will be noted 
that, since its known chemistry has been elucidated wholly by the methods of 
' radiochemistry, astatine is considered only in the radiochemical Sections. 

In preparing the Index, the aim has been to make it sufficiently compre- 
hensive and informative to permit the ready discovery of specific information 
without burdening it with an obscuring flood of mere ‘mentions’. By omitting 
details to which the average reader should be sufficiently guided by 
more general headings, much space has been saved and it is hoped that the 
utility of the Index has thus been enhanced. 

Though the Editors hope that the policies here outlined have produced a 
Supplement that will prove of real service to the general body of their fellow 
chemists, they have no illusion of infallibility and will welcome any criticism 
or suggestion that may help them in future volumes to serve yet more effect- 
ively the development and application of inorganic chemistry. 
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CHAP TERT 


FLUORINE 


A SURVEY of the literature relating to developments in the chemistry of 
fluorine which have occurred since 1921 discloses the publication of certain 
books and review articles which are not cited elsewhere in this chapter. At- 
tention is therefore conveniently directed at this stage to these reviews, as 
well as to two earlier works of similar eee ana8 
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SECTION 1. 


THE OCCURRENCE, PREPARATION AND 
MANUFACTURE OF FLUORINE. 


By H.R. LEECH 


THE OCCURRENCE OF FLUORINE. 
GEOCHEMISTRY 


Fluorine is very widely disseminated in nature, almost entirely in the 
combined form. Its occurrence in the tree state has been reported and 
discussed,* and these occurrences are associated with the presence of 
radioactivity, as in the classical case of Wélsendorf fluorspar.? A Canadian 
fluorspar, the radioactivity of which has been measured; was found to contain 
15—16 p.p.m. of free fluorine. This radioactivity is attributed to the 
presence of radium, extracted from uranium minerals by fluorine-containing 
water.* (Cn the other hand, the coloration of a Russian fluorspar has been 
attributed to free calcium.* 

Spectrographic evidence indicates the existence of fluorine, and affords 
rough estimates of its abundance, in the sun? stars’ and nebulae.® It is also 
suggested that certain lines are due to fluorine compounds in the sun and in 
the stars.? On the other hand, a consideration of forbidden transitions 
casts doubt on the presence of fluorine in certain novae.*° 

In the 3rd Edition of his Data:‘of Geochemistry, published in 1916, Clarke 
gave the average of 112 determinations of the fluorine content of igneous 
rocks as 0+10%. He believed, however, that fluorine exists in these rocks 
chietly as apatite, and as the phosphorus content can be determined more 
accurately than the fluorine, took the figure for apatitic fluorine correspond- 
ing to the average phosphorus content, viz., 0°027%. In the 5th Edition, 
published in 1924, a figure ot 0-030% for the average fluorine content of 
igneous rocks (which make up more than 90% of the 10 mile crust of the 
earth) was boldly taken** and the reason {or this is discussed by Clarke and 
Washington.*? The average of fluorine determinations, depending on the 
manner in which the averaging was carried out, could be between 0-006% and 
0-15% fluorine. Perhaps the mean of these, 0-078%, would represent the 
best average. But, still misled by their assumption chat the fluorine is 
mostly present as apatite, and mistrusting the accuracy of their fluorine 
determinations, they preferred a figure based on the phosphorus content, and 
so arrived at 0-030%. 

More recent work has shown that the basic assumption, that fluorine in 
igneous rocks is principally present as apatite, is invalid. Shepherd found 
that the fluorine content of rocks, based on more than 100 analyses, was 
about 0-04%, and approximately equal to the chlorine content.** Samples 
from the ocean bottom contained about the same amount of fluorine. Later 
he reported an average of 0-070% in volcanic rocks, though eruptive lavas 
may have lost fluorine and give a low figure.** Later workers have em- 
phasised the low proportion of fluorine combined as apatite, and the rela- 
tively large proportion present in mica, in hornblende, and in fluorite, in 
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igneous rocks.** Recent work suggests 0-06 —0-09%,!® 0:075%,!7 0-080%'5 of 
fluorine and emphasises that this exceeds the proportion of chlorine.!7 A 
recent comprehensive study gives an average of 0-070% of fluorine in igneous 
rocks, and 0-065% in sedimentary rocks.1® On the other hand rocks which 
have undergone weathering have been reported to contain only 0-024% of 
fluorine and 0-035% of chlorine.’® In a survey of the situation, the following 
comparative data have been given?° 


Fluorine Chlorine 
p.p.m. p.p.m. 
Igneous rocks, average 600 314 
Meteorites, ¥ 28 1000 — 1500 


This very great change in the proportions of the two halogens is surpris- 
ing. The fluorine content of meteorites has not, however, been very thoroughly 
studied, and it seems possible that they have lost a considerable amount of 
fluorine by processes of volatilisation which have been noted as occurring 
in terrestrial volcanic regions. 

In the sea, the fluoride content is proportional to the chloride content, 
the ratio being 7-0 x 10°, but surface coastal waters have a rather higher 
content of fluorine.”* 

In the geochemical cycle there are two active agencies bringing 
fluorine into circulation, namely rivers and volcanic activity. The fluorine 
So ‘activated’ tends to separate out in fluorophosphates, owing to their 
extreme insolubility, and the fluorine is then returned to the more slow- 
moving orogenetic cycle. Volcanic gases contain appreciable concentrations 
of fluorine compounds: thus Shepherd?* reported 3-61 to 620% by volume of 
fluorine-containing gases. The escape of hydrofluoric acid and silicon 
tetrafluoride in gases from an Italian fumarole has been reported,** and 
hydrofluoric and hydrochloric acid, as well as aluminium, calcium, and 
magnesium fluorides, have been found in Russian voleanic gases and sub- 
limates.** It has, indeed, been estimated that one volcanic group, the 
Katmai region, exhales annually 135,000 tons of hydrofluoric acid.*® 

At is suggested that volcanic effusion of hydrofluoric acid has played a 
large part in the conversion of phosphates to the highly insoluble apatites, 
and attention has been directed to the accumulation of volcanic products in 
the neighbourhood of the principal phosphate deposits in the U.S.A.?7 | 
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MAJOR MINERALS 


It is suggested that fluorine brought into circulation by rivers and by 
volcanic activity tends to separate out as apatite, Ca,(PO,),(F,Cl,OH), and 
also that apatite and certain other accessory constituents are the first 
minerals to separate out in all igneous rocks,”° and fluorine-containing 
phosphatic rock is certainly one of the principal modes of occurrence of 
fluorine in concentrated form. These minerals are very widespread, and are 
extensively exploited for their phosphorus content, the fluorine being largely 
wasted. Thus one estimate indicates that in one year, 1928, the quantity of 
fluorine volatilised in phosphate processing was about 25,000 tons.** The 
fluorine content is rather variable, being between 3 and 4% for continental 
deposits, but lower for island deposits, and sometimes as low as 0-4%.*° 
Considering the ratio of tluorine to phosphorus pentoxide rather than the 
fluorine content, it is found that the ratio is in many cases higher than that 
in fluoroapatite (Ca,,F,(PO,),, F/P,O0, = 0°0891); tor continental deposits it 
varies between 0-09 and 0-140. But in crystalline apatite itself the ratio 
may also be high, varying between 0.0809 and 0-1099, with an average value 
of 0-0945.3° Florida phosphates show a ratio of 1-41,** and in Russian 
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deposits also a direct relation between the fluorine and phosphorus content — 
has been observed.** Sea bottom deposits of phosphorite nodules containing 
fluoroapatites have been described,** and other workers have reported on the 
analysis of apatites.** 2 

It was suggested by Carnot**® in 1892 that fluorophosphates have been 
formed by the action of fluorine-bearing water on phosphates. Thus it is 
found that the fluorine content of fossil bones depends on their age, so that 
whilst recent horse bones contain less than 0-01% fluorine, fossil bones from 
the Miocene in Florida contain 1-7 and 26% of fluorine.*® It also suggested 
that the lower fluorine content of island phosphate deposits is to be attributed 
to their more recent origin.*° 

The principal source of fluorine for industry is calcium fluoride, CaF,, 
which occurs naturally as fluorspar (fluorite). The ores are very widespread, 
and are worked in many countries.*” The U.S.A. is the principal consumer 
and the largest producer The estimated world production figures for fluor- 
spar in 1948 were*® in short tons:- 


U.S.A. 300,956 
Mexico 1D; 901 
United Kingdom 71,124 
Newfoundland 47,833 
Italy 41,000 
Germany 37,549 4 
Spain 30,250 
* Others 200,000 
Approximate Total 800,000 


* THis figure includes estimates for Russia and the 
Eastern Zone of Germany, and smaller producers. 


An estimate in 1931 gave a world production of 300,000 tons, thus indicat- 
ing the rapid growth of the fluorine industry.*? American consumption is 
57% for metallurgical industry (largely steel), 26% for chemical industry 
(conversion to hydrogen fluoride), 10% for glass and ceramics.** The eco- 
nomics of the fluorspar industry from the American point of view, and the 
beneficiation of ores, have been discussed.*° The American production 
comes mainly from the States of Illinois (52%), Kentucky (25%), Colorado 
(8%) and New Mexico (8%), and many detailed descriptions of individual 
occurrences in these, and in other States, are available.** 

In Britain, fluorspar occurs in Derbyshire*? and in the County of Durham.** 
The occurrence and utilisation of fluorspar in France,** Belgium,** Germany, *® 
Italy,*” and Czecho-slovakia*® have also been described. There have also 
been general descriptions of the fluorspar position in U.S.S.R.,*® China,*° 
Japan,** Canada,*? Brazil,®* South Africa,®** and Australia.®> Detailed des- 
criptions have been given of special localities in U.S.S.R.,° India,*®” China,** 
Japan, Canada,*®° Brazil,® South Africa,S and New Zealand.® ; 

One fluorine-containing mineral, cryolite, AlF,,3NaF, is known to occur 
in commercial quantities only at one place, Ivigtut, in Greenland. The ore 
is mined and several grades are produced by processing and purification 
treatments,“ 

MINOR MINERALS 


Zamboninite was the name given to a mineral CaF,,2MgF, found on Mt. 
Etna, which, it was suggested, has been formed by action of vapours contain- 
ing fluorine compounds on solutions containing magnesium and calcium.® 
Subsequent X-ray examination showed this material to be a mixture of the two 
known minerals sellaite (MgF,) and fluorspar.®© The name ferrucite has | 
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been proposed for sodium fluoborate, (NaBF,), identified in the products 
of fumarole activity at Vesuvius.®°’ A complex fluoroaluminate has been 
found in the lava flow of a Russian volcano, Klyuchevsky, approximating to 
NaCaMgAl, F »4H,0, and therefore differing from ralstonite by its higher 
calcium content.’ 

Mineral occurrences related to apatites have been reported; and sometimes 
chlorine as well as fluorine may be present®*® whereas the slag mineral 
steadite is a fluorapatite in which some of the phosphorus has been replaced 
by silicon.©? An aluminium iron phosphate containing fluorine and chlorine 
has been reported from Venezuela,’° and amblygonite, LiAIFPO,, 0-25 H,O, 
as a constituent of a complex mineral from Uganda.” 

Minor occurrences of fluorspar in complex admixture with other minerals 
have been reported from many countries.” 

Fluorine enters into the constitution of a number of minerals found in many 
localities: tourmaline,” topaz, 74 which corresponds closely to (AIF), SiO, 
and on heating to 1300°C. gives a quantitative yield of silicon rerea fluorides 78 
various micas, and the following:- 


F luoro - annite KFelXAl SST 04 Ope oe 

Fluoro - biotite K(Mg, Fe!4),(AI,Si),0,.F, 

Fluoro - siderophilite KFel[(Al re iss 10 ise 
Fluoro - lepidomelane K(Mg, Fe!) [(Al ,Fe!)si,]0,,F, 
F luoro - meroxene’® KMg,[(Al, Fe!!! )si,]O,,F, 
Phlogopite’” K,0,6MgO, Al,0,,6SiO, ,2H,O 
Lepidolite”® KURT AL) (AL Si) 07 (OH, 5). 


The chief fluorine bearing mineral in basaltic effusions is amphibole.” 
Fluorine has been reported in minor amounts in sphene,*° in Chinese brines,™ 
in lime,** in borate deposits** and from various other mineral sources.*™ 

Some attention has been paid to the general distribution of fluorine in 
soil. Russian workers have found from 100 to 300 p.p.m. in dry soil, with 
an average of 200 p.p.m. of fluorine.** American workers have given a wide 
range of values, from a trace to 7070 p.p.m., with figures generally between | 
50 and 400 p.p.m.** Though soils containing fluorine invariably have apatite 
among the minerals present, the source of most of the fluorine in normal soils 
is considered to be the various micas, muscovite, biotite, etc. Fertilisation 
tends to increase soil fluorine content, but the uptake of fluorine by plants 
is small.*? For New Zealand soils, fluorine contents varied between 68 and 
540 p.p.m. 

tigen is also present in coal:*° Besstas reported not more than 1 p.p.m. 
of fluorine, present mainly as calcium fluoride, with a ratio of fluorine to 
chlorine as in sea water.” Crossley, however, found up to 175 p.p.m., with 
an average of 80 p.p.m. of fluorine, in coals from widely different sources, 
the fluorine being present as fluorapatite and not ine fluorspar or cryolite, 
and bearing no relation to the chlorine content.** The direct contact of 
combustion gases with malt in kiln drying can introduce up to 2 p.p.m. of. 
fluorine into beer. °? Fluorine has also been reported as a regular constituent 
of gas liquor.°* Because of the wide occurrence of fluorine in minor amounts, 
it may be evolved in the fumes from calcination, e.g. of clay and iron ore, 
“and thus cause toxic effects such as the poisoning of cattle grazing in the 
vicinity. The presence of fluorine in clay to the extent of 500 p.p.m., and 
in ironstone to the extent of 1200 p.p.m., and the effects of this on calcina- 
tion, have been reported by H.M. Alkali Inspector.” 


WATER 
In the last twenty years a considerable interest has developed in the 
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fluorine content of drinking water supplies. It was first observed that there 
was a correlation between ‘mottled enamel’ of teeth, and high fluorine content 
of the water supply. It was later observed that dental caries was much less 
prevalent where the mottled enamel was endemic, and also that in the region 
where mottled enamel did not appear dental caries was much more prevalent 
where the fluoride content was particularly low.** Arising from these ob- 
servations, there now exists an extensive literature on the fluoride content 
of water supplies all over the world. Most British waters are low in fluorine, 
with contents usually between 0-1 and 0-5 p.p.m.; figures for well waters 
occasionally rise to 1 p.p.m., and Maldon, Essex, has 5 p.p.m.?° For the 
U.S.A. the extensive results have been presented in the form of a distribution 
map, and some consideration has been given to the causes of variations.*’ 
In dry and desert areas the fluorine content of ground waters is high, because 
of the low rate of leaching. Wide variations occur; frequently the fluorine 
content is below 1 p.p.m., but higher figures are not unusual, and figures as 
high as 7 p.p.m. have been reported for S. Carolina,®® N. Dakota®® and Ala- 
bama.*°° Many other results have been reported from the U.S.A.*% and from 
every continent.*°? Consideration has been given to the modification of the 
fluorine content of water supplies. At first the emphasis was on reducing 
the fluorine content:*® it has been proposed to treat the water supply with 


alum;*°* with lime and magnesia, so that most water softening plants are 
adaptable;*°* with superphosphate and lime;*°® and withalumina and aluminum 
phosphate.* °7 More recently fluoride additions have been made to supplies 


low in fluorine, and it has even been proposed to vary the addition with the 
season to iloe for the variation in the amount of water drunk.*®® 


ORGANIC MATERIALS 


The importance of fluorine in dental health has led to many determinations 
of the amount present in foodstuffs and organic materials. Chinese common 
salt is reported to contain 0-8 to 54 p.p.m.*°? Vegetation in the neighbour- 
hood of Pittsburgh showed from 9 to 269 p.p.m. of fluorine, the amount 
increasing as the season advanced, probably owing to accumulation of 
tluorine-bearing dust."*° Russian reports indicate 30 to 40 p.p.m. in some 
vegetable crops and amounts too low (<0-1 p.p.m.) for accurate determination 
in others."** Animal feeding stuffs contained from 1 to 30 p.p.m.'* Tea 
leaves contain a relatively high proportion of fluorine, and figures have been 
reported of 160 —200 p.p.m.,*** 60 —350,*** 90 — 140. 418 Fluorine is reported 
to be present in grapes**® atid! te wane: Anon Eine wines, between 0-06 and 
0-5 p.p.m.;""” in Spanish wines, up to 5 p.p.m.;*?® in Argentine wines, up to 
1-75 p.p.m., although of 228 samples 93% had lessurbarets Sup pemeee Higher 
fluorine content in wines may arise Owing to accidental contamination from 
insecticides in the vineyards, or to deliberate attempts to control bacterial 
disease.**° Gelatine normally contains 1 p.p.m.?74 One remarkable report 
suggests that apricot preserves have in the past caused mass illness owing 
to fluorine poisoning.**? Fish, fish pastes, tinned fish and crustacea have 
what are regarded as rather high fluorine contents, up’ to® 24: p.p.m.* ed 
complete analysis of the fluorine distribution ina laying hen has been 
reported.'** Numerous other reports have been made.*”* 

Moir (1944) gives the following figures,’”® in p.p.m. of fluorine:- 


White flour 0-29 —0-60 (Av. 0-42) 
National flour 0-68—1-05 (Av. 0-82) 
S.R. flour 4-9 —74 (Av. 6+1) 
Milk (powder) 0-48~—0-83 (Av. 0-61) 
Tea 107 —129 (Av. 116) 


Refs. p. 7 


1-1 OCCURRENCE y 


Beer 0-45, 0-25 Pilchards (canned) 5-8 
Corned beef 0-4 Shrimps (canned) 204 
Egg (dried) 3 Milk (evaporated) 0-15 
Milk 0-17 Oats (rolled) 0-6 
Soya grits 0-6 Spinach powder 70 
Peas (split) 0-4 Whisky 0-03 


The fluorine content of human bones and teeth is about 0-05%, the fluorine 
being there in hydroxyapatite.*?? For land animal skeletons the figure is 
about the same, though for sea animals it is ten times as great, or more; 
e.g., a figure of 2-84% is reported for shark tooth.’7® Differences between 
the fluorine contents of dentine and enamel, and between carious and sound 
teeth, have been reported as follows, the higher fluorine content correspond- 
ing with higher fluorine in the drinking water:- 


Low caries High caries 
dentine enamel dentine enamel 
fluorine:% Ockerse?”® 0-0755 0-0445 _ 00-0258 0-0153 


Hoogland’*° 0-02—0-11 0-01—0-02 0-04—0-17 0-01—0-09 


McClure*** on the other hand found no significant difference between 
sound and carious teeth, and reports 0-0233% of fluorine in dentine, 0-0100% 
in enamel. The lower fluorine content of enamel has been confirmed by 
Russian workers**? and in mildly mottled teeth from Maldon, Essex, where 
fluorosis is endemic, dentine and enamel respectively contain 0-07 and 
0:035% of fluorine.*** There is a considerable literature on endemic dental 
fluorosis.***. 

The content of fluorine in human blood has been given as 0-27 to 0-74 
p.p.m.**> When the water-supply fluorine increased from 0-06 to 1-36 p.p.m., 
the mean blood content increased from 0-014 to 0-040, and the mean urinary 
fluorine from 0-06 to 1-12 p.p.m.**® | 

The general physiological effect of fluorine is dealt with elsewhere: but 
McClure’*” has reviewed the occurrence of fluorine in animal tissues, and its 
consequences. An increase in skeletal fluorine content up to twenty times 
the normal value owing to continual exposure to fluorine-containing rock 
phosphate has been described.**® In the disease of sheep known as ‘darmous’ 
or ‘Moroccan fluorosis’ a similar great increase in fluorine content occurs.**? 
The increase in fluorine content of human organs in cases of fluorine poison- 
ing has been described.**° 
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x2 PREPARATION 15 
THE PREPARATION OF FLUORINE 


FORMATION OF FLUORINE BY CHEMICAL REACTION 


Whilst fluorine can readily be isolated by electrolysis, it may in certain 
Circumstances be convenient to obtain a quantity of fluorine by simple 
chemical means. (Fluorine is now commercially available as the compressed 
gas, in steel cylinders, see page 42). It is also of interest to know where 
reactions may lead to the liberation of fluorine. Mellor (II, 6) reported 
numerous attempts to prepare fluorine chemically, and said of wet processes 
that they were now known to be a wrong line of attack, but that some of the 
_dry processes may have yielded some fluorine. In general the less stable 
fluorides would be expected to yield fluorine on heating, and attempts were 
also made to displace fluorine by other halogens, and by oxygen. Moissan 
suggested that the fluorides of gold or platinum would be suitable sources of 
fluorine if they could be made by an indirect method not requiring elementary 
fluorine, and that more complete study of the fluorides of manganese, lead, 
copper, and cerium, might give valuable results. Brauner’s suggestion in 
1881 that fluorine was. probably formed by thermal decomposition of lead 
tetrafluoride or its double salts is frequently quoted. It is less well known 
that this was refuted by Ruff,’ and that Brauner? accepted this refutation. 
The possibility of making fluorine in this way was throughly investigated 
by the American team which first introduced the high temperature fluorine 
cell. The salts K,HPbF, and Na,PbF, were prepared and characterized, 
and their solubilities determined. The sodium salt is very sensitive to 
atmospheric moisture, the potassium salt less so, and on heating the latter 
at 250°C. for 4 hours, the hydrogen fluoride is lost. Cn further heating the 
potassium salt at 300°C. there were indications that fluorine was evolved. 
Although the sodium salt appeared to decompose at a lower temperature, less 
work was done on it owing to the difficulty of obtaining it in a pure form. It 
seems, however, that the authors were not very satisfied with the evidence 
for the liberation of fluorine. 

Meyer in 1913 described a process for making the fluoride of trivalent 
manganese, and the potassium double salt, K,MnF,;, was readily obtained. 
On heating the absolutely dry salt fluorine appeared to be split off, and it 
was concluded that if this preliminary experiment proved to be free from 
objection, a method of preparing fluorine by purely chemical means was 
available.* It is interesting to note that more recently the action of hydrogen 
fluoride on manganese dioxide at 450° has been described.* No volatile 
fluoride was formed, and analysis showed that the product was MnF,. It 
was assumed that the first product would be the tetrafluoride, which must 
then have decomposed to difluoride and fluorine, but fluorine would ‘not be 
observed in the gaseous products owing to its reaction with the water also 
formed. This is, however, tantamount to saying that oxygen is evolved on 
heating manganese dioxide in hydrogen fluoride and the equation could be 
written . 


MnO, + 2HF | = | MnaF, + H,O + 7{0,. 


| Ginsberg and Holder® in 1930 — 1932 studied the fluorotitanates, particu- 
larly the potassium salt. On heating in a stream of dry air to temperatures 
above 500°C. this salt was converted into K,TiOF,, and it was concluded 
that the possibility of hydrolytic reaction had been eliminated, and elementary 
fluorine must have been formed. The production of fluorine by a somewhat 
similar process — the decomposition on heating to above 200°C. in oxygen, 
of complex oxyfluorides of zirconium, hafnium, or titanium — has been paten- 
ted, and oxygen-evolving compounds, e.g. peroxides, may be used instead 
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of free oxygen.” Moissan could not obtain platinum tetrafluoride by any 
reaction other than the attack of fluorine on the metal, and the solid obtained 
decomposed at red heat into crystalline platinum and fluorine, which was 
identified by its causing silicon to inflame.* On the other hand, Ruff found 
that the double compounds of platinum tetrafluoride with alkali fluorides 
could be heated to bright red heat without decomposition.” Platinum tetra- 
fluoride has also been prepared recently by Sharpe by the action of bromine 
trifluoride on platinum tetrachloride,*® and the compound so prepared has 
properties identical with those of the compound prepared by Moissan. 

Gold was stated by Moissan to be attacked by fluorine; the product, auric 
fluoride, is volatile, and decomposes at temperatures a little higher than 
that at which it was formed, giving fluorine and metallic gold.** The higher 
fluorides of the other metals of the platinum group, and of the metals of the 
palladium group of transition elements, probably behave similarly. Sharpe 
has also recently shown that bromine trifluoride dissolves gold,*? and he 
finally obtained auric fluoride, AuF,, which only began to decompose rapidly 
above 500°C., the evolution of fluorine being assumed from the observed 
action on potassium iodide. 

A number of higher fluorides were used during the 1939—45 war as 
fluorinating agents for the preparation of fluorocarbons (see page 199). These 
included cobalt trifluoride, silver difluoride, manganese trifluoride, and lead 
and cerium tetrafluorides. All these require free fluorine for their production, 
at temperatures up to 350°C., so that in this region, at least, the equilibrium 
pressure of fluorine must be iess than one atmosphere. There was in fact in 
the work that has been reported little evidence that the equilibrium pressure 
of fluorine was at all appreciable in the working region. Otto Ruff regarded 
cobalt trifluoride as a valuable fluorinating agent,** but also describes its 
decomposition when heated in a hard glass tube, in a stream of carbon 
dioxide, so that at 350° it is converted into the practically pure difluoride.” 
It has also been suggested more recently that when heated in a stream of dry 
nitrogen to 300 — 350°C. cobaltic fluoride liberated fluorine.** 

Argentic fluoride, AgF,, was first made in 1933.*© Ina general paper in 
1937 it was stated that this salt gave an equilibrium pressure of fluorine of 
one atmosphere at about 450°C.*” but the authority quoted for this statement 
does not in fact support it.*® 

Ruff, however, said that the dissociation pressure of argentic fluoride 
reaches one atmosphere at about 440°C.;*® he has described the reaction of 
precipitated silver with fluorine when heated in a fluorspar boat in an electri- 
cally heated fluorspar tube,?° at different temperatures. At 435°C. the 
product was AgF,, at 450°, AgF, and it was concluded that the dissociation 
pressure must be greater that 760 mm. at 450°. (It was noted in this work 
how resistant copper was to fluorine even at 350°C., but that the presence of 
a little chlorine in the fluorine caused a very considerable increase in the 
rate of reaction.) Doubt has been cast on these observations by von Warten- 
berg,~ who made a direct determination of the heat of reaction of silver and 
fluorine, and found 


Ag --t Fy “= AgP. tv s84sdikg.-cala oe lag 
From existing data, the heat of formation of AgFis 50 kg.-cal. so that 
AgF + “AF, = AgF, + 34-5 kg.-cal. 


With such a high heat of formation, the salt should be stable at red heat, and 
the foregoing observations of Ruff and Giese are inexplicable. Silver was 
heated in an alumina boat in an alumina tube, in a stream of 10% fluorine and 
90% nitrogen; after 15 minutes at 550°C., a 100% yield of AgF, was obtained. 
When this compound was heated at temperatures rising from 300° to 700° in 
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the same gas mixture, no loss in weight occurred in 30 minutes. At 650°C 
a slight attack on the boat occurred, at 680° the salt softened, and at 700° it 
was molten and crept over the edge. It was concluded that the melting 
point was about 690°C. and that at this temperature the dissociation pressure 
is still less than 0-1 atm. The fluorine used was obtained from a cylinder 
supplied by I.G. Farbenindustrie, Leverkusen, and when analysed by mercury 
absorption was found to contain 75% fluorine, 17% nitrogen, and 8% oxygen. 
Subsequently, the same author said that there was a good deal of misap- 
prehension as to the ease with which higher fluorides decompose.7*, From 
experimental work similar to that just outlined, he concluded that lead 
tetrafluoride is stable at red heat, and that manganese trifluoride and cobalt 
trifluoride have dissociation pressures less than 0-1 atm. at 600°C. 

More recently, the decomposition. of the alkali metal salts of uranium 
hexafluoride (e.g. K,UF,) in a stream of dry oxygen-free nitrogen at 450°C 
has been reported to give some fluorine,?* and it has been concluded that 
above 900°C. plutonium tetrafluoride decomposes to the trifluoride and free 
fluorine, atid therefore shows an appreciable dissociation pressure of fluorine 
(> 10°° mm. of mercury).7* Alkali halides, with free fluorine, are said to give 
in certain circumstances unstable ‘active fluorine’ compounds of the form 
MF, and MF,.7° The photosensitized decomposition of carbon tetrafluoride 
mis been shown to give rise to free fluorine and an unidentified solid 
product.*° All this work should be treated with a certain reserve in the 
absence of any specific identification of elementary fluorine produced in the 
reaction. Yet for any given fluoride there must obviously be a temperature 
at which the equilibrium pressure of fluorine, arising from its partial or 
complete decomposition, reaches a certain desired value, and the funda- 
mental problem is to find material for the reaction vessel such that it will 
not-:react with fluorine produced at the temperature of operation. 

Materials resistant to fluorine are essential if trustworthy observations 
are to be made. PlJatinumand gold are not very satisfactory materials because 
of their reaction with fluorine at higher temperatures; nickel is much the 
best metal to employ and is probably reasonably satisfactory. Moissan 
carried out his work on the decomposition of platinum tetrafluoride in tubes 
turned from selected pieces of fluorspar® but this is an unreliable material 
and very sensitive to heat shock. Damiens has described the production 
of porcelain-like material, in the form of tubes, crucibles etc., from a plastic 
mass made from precipitated calcium fluoride, which is resistant to tempera- 
ture shock and almost impermeable,’’ and a furnace using a tube of such 
material?® for use with fluorine up to 1000°C. was described. The pro- 
duction of sintered articles in fluorspar has also been described more 
recently.7” Ruff has shown that a wide variety of materials can be made 
into plastic masses and thus into ceramics.*° Probably the most promising 
material for use with fluorine at high temperatures is sintered alumina, 
which has been reported to show no weight change after exposure for many 
hours to fluorine at 400 —500°C. and may even be heated for some hours in 
fluorine at 700°C. without obvious attack.* This material was used, for 
example, to determine the melting point of thallic fluoride, 550°C., in a 
fluorine atmosphere. With this range of resistant materials, it should be 
possible to study the thermal decomposition of the less stable fluorides and 
exchange reactions involving fluorine. 

For studies of the thermal conductivity of fluorine, the element has been 
made by decomposition of chlorine trifluoride.** This was passed, from a 
steel cylinder, into a nickel tube at 700°C. when it was almost completely 
decomposed into chlorine monofluoride and fluorine. The gases were 
rapidly cooled at the exit of the nickel tube to minimize recombination, and 
cooled first by solid carbon dioxide and then by liquid air to condense out 
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chlorine trifluoride and monofluoride. Passage over a nickel spiral at 
400°C. converted any residual monofluoride to trifluoride, which was removed 
by cooling again with solid carbon dioxide and liquid air. The authors do 
not, unfortunately, give any chemical analysis for the chlorine content of the 
gas, but state that after long working there was only a slight precipitate in 
the final liquid air trap, and that the partial pressure of chlorine mono- 
fluoride in the fluorine could not have exceeded a few tenths of a mm. 


FLUORINE TO 1940 


The demonstration by Moissan, in 1886, that elementary fluorine could 
be isolated by electrolysis, marked the end of a search which had lasted for 
more than seventy years. But this search, and the properties Moissan was 
able to disclose, created an impression of great difficulty and’ danger in 
making and handling fluorine which persisted for many decades. Thus in 
the succeeding thirty years there were only some half dozen workers other 
than Moissan who described the production of fluorine. Attention should, 
however, be drawn to a patent specification of Poulenc Fréres and Meslans*® 
at the beginning of the century which embodied many features used in later 
designs. A cell was developed which, as distinct from Moissan’s U-form, 
was cylindrical, with a diaphragm separating the central anode from the 
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cathode. (Fig. 1). The diaphragm was itself a copper vessel, with perfora- 
tions below the electrolyte level; it was at the same potential as the anode, 
but became covered with a non-conducting film of fluoride, so that it was 
insulated from the electrolyte and did not function as an anode. It was 
closed at the base, to prevent hydrogen entering the anode compartment 
from below, and the perforations gave access for electrolyte between anode 
and cathode compartment. There was no need to provide a non-conducting 
seal within the diaphragm, exposed to fluorine, for the current lead to the 
anode since the diaphragm could be sealed through the cell cover on the 
cathode side, exposed only to hydrogen and hydrogen fluoride. The walls of 
the copper pot served as cathode. This design of cell was used by Rutt in 
much of his fluorine work.** Cuthbertson and Prideaux*® analysed the gas 
made by Moissan’s method and found 50 —60% fluorine, with varying pro- 
portions ot oxygen and nitrogen in the remainder. 

Mellor (II,9) was able to refer to the newer electrolytic process tor 
fluorine first described by American workers in 1919. It was shown that 
molten Frémy’s salt, KHF,, could be electrolyzed in a copper vessel and 
with a graphite anode to give fluorine, and this method, associated with the 
names of Argo and Mathers, is so much cheaper and simpler and more con- 
venient than Moissan’s method that the latter was almost immediately 
completely superseded. In the following 25 years, more than 50 original 
articles and patents appeared on the production and use of fluorine; of the 
cells employed, two are related to Moissan’s, 40 to Mathers’ and 8 toa 
subsequent development associated with the names of Lebeau and Damiens. 
The arrangement of most of the cells described is based on that first pro- 
posed by Poulenc and Meslans. Cells based on the electrolyte introduced 
by Moissan are described as low temperature cells, whilst those using the 
new electrolyte composition of Argo and Mathers are called high temperature 
cells. Subsequently medium temperature cells appeared, based on an 
‘intermediate’ electrolyte introduced by Lebeau and Damiens. 

The studies by Mathers and his colleagues on the chemical production of 
fluorine and their development of an improved electrolytic process arose from 
chemical investigations fostered by requirements of the 1914—18 war. The 
1939—45 war gave a further impetus to fluorine production, because it was 
needed for making uranium hexafluoride and fluorocarbons, so that large 
scale production was established.*® It is convenient, therefore,to consider 
the development of fluorine production since 1919 in two stages, with the 
1939-45 war as the dividing line. In the inter-war period there were two 
reports of cells of the low-temperature type. Brunner*’ in 1920 described a 
concentric cell, after the pattern of Poulenc and Meslans, with an axial 
platinum cylinder as anode, a surrounding copper diaphragm, and a copper 
pot as container and cathode; this pot was cooled in calcium chloride brine. 
The second, which worked in a region between low and medium temperature, 
is considered later” (see page 28). 


HIGH TEMPERATURE CELLS 


Artificial graphite of the Acheson type, the material used as anode in 
many electrolytic processes, disintegrates when made anodic in Moissan’s 
electrolyte. It was Mathers’ outstanding discovery that in fused potassium 
hydrogen fluoride graphite was practically unattacked and could be used as 
anode.** This electrolyte also had other advantages: the partial pressure 
of hydrogen fluoride over it is very much lower than with low temperature 
electrolyte, and the loss of hydrogen fluoride is therefore much reduced. 
The cell may be open on the cathode side, and operating with heating at 
250°C. is more convenient than operating with cooling at -15° to -30°C. 
(Fig 2). It is surprising that this discovery was not made earlier, and in 
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Fig, 2, FLUORINE CELL: ARGO, MATHERS ET AL, 


particular that Ruff, in all the years covered by his work on fluorine, did 
not find this much easier way of making it. Ruff indeed said that the’ 
preparation of fluorine would always remain a difficult laboratory operation, 
owing largely to the trouble of making and handling anhydrous hydrogen 
fluoride. Mathers, on the other hand, considered that there were no special 
difficulties in the manipulation of the new apparatus. 

Cf the many cells based on Argo and Mathers’ electrolyte **” °° the 
majority had a concentric cylinder arrangement, although an eccentric 
arrangement in a cylindrical cell was also tried** and a V or U shape (re- 
verting therefore to Moissan’s original form) was introduced by Dennis, 
Veeder and Rochow*®® and was adopted by a number of other workers 57° °° 
(Fig. 3). The capacity of these cells was usually about 5 amp. and some: - 
times up to 15 amp., the largest mentioned having 30 amp. capacity,** The 
containers were usually of copper, as was the diaphragm, but it was generally 
agreed that copper suffered appreciable corrosion and the electrolyte became 
fouled with copper fluoride which could cause foaming.*® It was found 
necessary to insulate the diaphragm from the anode, thus introducing the 
problem of an insulating, fluorine resistant, seal between these two parts, 4 
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Fig. 3. FLUORINE CELL DENNIS, VEEDER & ROCHOW 


problem which was solved in a number of ways. The copper diaphragm still 


tended to acquire an insoluble, insulating coating, which prevented its 
acting as a bipolar electrode and reduced its rate of corrosion, Argo and 
Mathers tried a graphite crucible, which was of the clay-bonded type, not of 


artificial graphite; they reported its failure owing to the presence of the 


clay binder. Another cell, of artificial graphite, has been described*® but 
this has been criticized because solidification of the electrolyte causes 
“4 magnesium ~ 2% manganese 
alloy,*® nickel**” ** and Monel*¥ *% °° have all been tried, and with these the 
corrosion is usually reported to be very slight. Magnesium has also been 
used for the diaphragm.‘ °** In the cylindrical cells the pot is usually the 
cathode, but cathodes have also been tried of silver sheet®® and, in the 


V-shaped cells, of graphite. The anodes were always artificial graphite, 


but occasionally of a special specification. It will be seen below that 
disturbances — increase in voltage and reduction in current — were liable to 


occur in operation; this was sometimes attributed to the deposition of 


silicon present in the electrolyte or in the anode, and low silicon or spectro- 
56,69 No explanation was offered 
as to how such a deposition could occur. In the arrangement of the cell, 
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the anode and other connections were usually through the top, and in the 
cylindrical cells they would be on the diaphragm bell, which rested often in 
an open bath of electrolyte. The insulation of the diaphragm from the anode 
connection passing through it caused a good deal of trouble; a powder of 
calcium fluoride was tamped in*® or a compressed ring of the same material 
was used,*% *%*® with assistance from red lead=-glycerol cement,*® or calcium 
fluoride~asbestos;*® the simple solution of Portland cement, introduced by 
Simons*® was often used** 4% #% ®° sometimes assisted by molten electrolyte 
poured over and allowed to solidify.°? A cement of calcium fluoride and 
sodium silicate was also used” 5% °® or a bakelite cement.*° A glass and 
rubber sleeve arrangement, sealed by the products of attack on the rubber 
was another simple solution,*” and the use of a pressure union was a very 
practical device.®° Another early, practical solution was the use of a motor 
car sparking plug.*® The graphite anode might pass through the seal and 
electrical connection be made to it outside the cell, or a threaded hole might 
be made in the graphite, to which a copper*®» ** 4% 5° or nickel®® rod could be 
fitted. In one cell the problem was solved in another way; the anode, 
entering through the base of the cell, was sealed by solidified electrolyte 
in a long air-cooled sleeve.** The cylindrical cells were usually about 3 
in. diameter, and 9 in. long, holding up to 3-5 kg. of electrolyte: they were 
externally wound with resistance wire for electrical heating, and lagged. 

The V-shaped cells were usually made of 2 in. copper pipe, 12 in. long 
in each leg. The graphite anodes were usually 1 in. cylindrical rods (oc- 
casionally 0.5 in.) and up to 12 in. long: in one case the working end of the 
anode was wider than the part ADO and slotted, to give a lower current 
density.*° 

The fluorine was usually withdrawn by a side arm on the diaphragm bell, 
and the desirability of having a wide side arm to avoid blockage by electro- 
lyte spray was frequently stressed. In one case a settling chamber was 
attached to the side arm, to aid the deposition of electrolyte carried in the 
fluorine stream.°* In another case the fluorine outlet was through a hollow 
copper tube which also served as anode connection.*® The electrolyte was 
usually potassium hydrogen fluoride, frequently specified as Kahlbaum’s 
or Merck’s purest. The commercial availability of this salt made the pre- 
paration easier than it had been for Moissan and earlier workers, who had to 
make their own salt. _ 

A very high resistance was found on first starting the cell, and the 
current-voltage relation was very erratic. At first it was usual to electro- 
lyze for some time at low current density, or to apply a very high voltage, up 
to 110 volts D.C., for a short period. Sometimes a pre-electrolysis was 
preferred outside the fluorine cell.***? This polarization effect was due to 
the presence of small amounts of water, as was shown in the work of Freden- 
hagen and Krefft considered below, and long-continued drying at about 150° 
was used after 1930, to give an electrolyte which produced fluorine im- 
mediately. At 150° the loss of hydrogen fluoride from the salt during drying © 
was very slight. 

Some variants on the straightforward high temperature electrolyte have 
been investigated. The use of the sodium salt, NaHF,, alone is not pos- 
sible, because it decomposes without melting, but amounts up to 35% have 
been added to the potassium salt, when the cell will work at 170°, and there 
is less creep of the electrolyte and less tendency to polarization: there is, 
however, a greater amount of hydrogen fluoride in the gases produced, so 
that this addition is not advantageous.** Other additions, such as lead and 
strontium fluorides, were no better.*° An electrolyte to work at lower tem- 
perature was proposed by Lebeau and Damiens (see below). Mathers and 
Stroup had earlier considered this possibility, but their work was not pub- 
lished until a good deal later.** They considered double fluorides of the 
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type of K,SnF,; the derivatives of tellurium, titanium, manganese, lead and 
tin, all had higher melting points than potassium hydrogen fluoride, and 
potassium hexafluoroantimonate, KSbF,, which had a melting point above 
300°C., gave no fluorine on electrolysis, but thick white fumes and severe 
anode corrosion. Lithium hydrogen fluoride, like the sodium salt, decomposes 
on heating without melting. 

The caesium fluoride-hydrogen fluoride system was, however, of interest 
and attention was drawn to the appreciably lower melting points in this 
system. Subsequently some of the salts in the rubidium fluoride system 
have been studied, and the following table has been given** 


TABLE I— MELTING POINTS OF ACID FLUORIDES 
Alkali 
metal 


| Rubidium 
| Caesium 


Melting points sh ) of salts with:- 


Rubidium® 
Caesium™ 


Caesium™ 


Mathers and Stroup carried out electrolyses in a small magnesium cell 
using a caesium fluoride electrolyte melting below 19°C., and with a graphite 
anode. It is found, as would be expected, that owing to the generally 
lower melting points in the caesium fluoride system, the losses of hydrogen 
fluoride in the electrolytic products are very much reduced, and it seemed 
that there *would be some advantage in working with a caesium fluoride 
electrolyte, instead of potassium fluoride, if the caesium salts were less 
rare and expensive. The caesium fluoride=hydrogen fluoride system has 
been investigated in more detail,® and is shown in Fig. 4. Fig. 5 gives 
the data of Cady for the potassium tluoride~hydrogen fluoride system, and 
Fig. 6 gives his data for the partial pressure of hydrogen fluoride. The 
pronounced minima in these partial pressures shown by the salts KF.HF and 
KF.2HF indicate the value of these electrolyte pelea hats from the stand- 
point of hydrogen fluoride losses. 

The cells using the high temperature electrolyte, KF.HF, were operated 
at a temperature a little above the melting point, initially about 250°C. 
But as electrolysis proceeded and the hydrogen fluoride content diminished, 
the melting point and the operating temperature rose; the electrolyte was. 
discarded when the temperature reached 280°.°%°*® Before this occurred the 
voltage increased appreciably, and on occasions complete polarization 
occurred, with no current passing at much higher voltages across the cell. 
This effect was different in character from the starting up effects due to 
traces of water, which were clarified by Fredenhagen and Krefft. A cell 
which initially worked at 9 v. would in time require 14 v. for the same 
current,®° and when the anode was too old, practically no current passed 
even at 60—90 v.°° In another case, it was suggested that the cell worked 
well below a certain limiting current density, above which, however, polar- 
ization suddenly occurred.** This effect was connected with the develop- 
ment of a glossy surface on the graphite anode, which was said to contain 
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silicon.°* When electrolysis was interrupted by this glossy coat, the anode 
should be removed, and the surface sand papered, when the anode would 
perform satisfactorily again.®°° The true cause of this effect was discovered 
much later (see page 40). 

The current efficiency of the cells has been variously given as between 
30% and 90%. In one case, in a V-shaped cell, the efficiency (determined 
by displacement of iodine from potassium iodide, or of oxygen from water) 
rose from 45% at 5 amp. to 76% at 9 amp.*® In another cell of this type, the 
current efficiency at 5 amp. fell from about 90% at the stait, to 60% when 
the electrolyte was ready for discarding. More generally, the efficiency is 
given as 70 —80%,*° 80 +5%,** 70 — 85%, °° 80%, 5? 75%. 55 

The fluorine given by these cells is contaminated with 5—10% (by 
volume) of hydrogen fluoride, which was quite generally removed by passage 
through sodium fluoride. (For purification, see page 42), Although Cuthbert- 
son and Prideaux, as we have already seen, determined the fluorine content 
of their product, but few analyses were made until in 1936 the gas from a. 
U-cell was analysed by shaking with mercury: the fluorine content was 
found to be 97-99%, with carbon dioxide 0+-2 ~1°3%, oxygen 0-4—1-6%, and 
inerts (carbon tetrafluoride and others), 0-3 to 0-4%.°® About the same time 
a V-cell gas, analysed by the same method, was reported as containing 97% 
after 5 hours operation, and after 20 hours, 99-8% of fluorine, with small 
amounts of carbon tetratluoride, ozone, chlorine, etc.°? Suggestions re- 
garding the presence of small amounts of carbon tetrafluoride in the gas 
were frequently made but positive proof of this is lacking. In one case it 
was concluded that there was not more than 0-2% of carbon tetrafluoride,*°® 
in another case it was recommended that the gases should be cooled with 
old liquid air, when not only carbon tetrafluoride, but higher homologues still 
liquid above 0°C., were condensed out.*? Again, it has been suggested that 
from the rate of anode wear,the carbon tetrafluoride content could not exceed 
3%.°* Lebeau and Damiens, who first corrected Moissan’s quite erroneous 
characterization of carbon tetrafluoride from their identification of it in the 
anodic gases in the electrolysis of molten beryllium fluoride, were thus led 
to identify it in the anode gases from the high temperature fluorine cell.” 
They found the proportion of carbon tetrafluoride increases with the tem- 
perature, with the anodic current density, and with the voltage. At over 40 
volts, no fluorine was evolved, and this was said to be a good way to make 
mixtures rich in carbon tetrafluoride. It was this observation which caused 
them to seek an electrolyte which could be used at a lower temperature. 
‘Later workers also remarked that at temperatures above 300°C. graphite 
anodes are severely attacked.”® 

Considering individual cells, detailed accounts are given of the design and 
@eeration of cells’of this‘type in 15 Cases, * 4% *% *%4% 4% 485452555" 09 = The 
cell described by Simons in 1924** was frequently copied; it was based on 
not very cohsiderable modifications of the Argo and Mathers design. The 
most unusual cell was that described by Bodenstein, Jokusch and Krekeler, 
with a cast magnesium body, bottom-entry electrodes air cooled, a slotted 
magnesium diaphragm and perforated silver cathode.** (Fig.7.) Certain 
features of this cell were the subject of patent claims by I.G. Farbenindustrie, 
and also seem to have been the basis of wartime expansion, but not by 
I. G. Farbenindustrie. 

The V-shaped cell, introduced by Dennis, Veeder and Rochow,”* re- 
presenting a return to Moissan, was also copied. It was usually made from 
copper pipes brazed or welded together, but Milter and Bigelow had a very 
heavy cast nickel U-shaped cell of this type.°* A number of cells, or cell 
features, have been the subjects of patents. That of Poulenc and Meslans 
has already been referred to.** The claim here was for an anodically con- 
nected partition between anode and peoae? made of metal such as copper, 
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Fig, 7, FLUORINE CELL: BODENSTEIN, JOCKUSCH & KREKELER 


which by holes below the electrolyte level served as a diaphragm. Mathers 
claimed the electrolysis of a fused acid fluoride with an anode of hard 
carbonaceous material®* and, with Humiston, a cell for this operation, with 
various features including a graphite vessel.®° Lebeau and Damiens claimed 
the use of an electrolyte of hydrofluorides of m.p. between 0° and 150°, with 
an anode of a common metal, iron, nickel, etc., with an anodic diaphragm. %” 
Fredenhagen claimed carbon or graphite anodes in a melt not wetted by the 
electrolyte, about KF,1-7HF® and a method of drying the electrolyte and 
testing for dryness.© Krekeler claimed the solid electrolyte as jointing and 
insulating material for the electrode leads, and electrodes entering from 
below, from the side, or from above.’° Another patent claimed the use of 
fluorine for drying the electrolyte?* and again the use of nickel anodes in 
electrolyte of hydrogen fluoride with 30—50% of potassium hydrogen fluoride, 
at temperatures of 30—35°C., was the subject of a patent of American 
origin.”* Perhaps the judgment on this is contained in a later paper to 
which one of the inventors was a contributor: ‘After preliminary tests 
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Fig. 8. FLUORINE CELL WITH PROVISION FOR 
BATH REGENERATION: LEBEAU & DAMIENS 


indicated that the corrosion would be severe at room temperature because of 
the higher acidity, further work was confined to medium temperature con- 
_ditions’.*° The treatment and use of rubber” and rubber-like materials” in 
fluorine cells has also been claimed. 


MEDIUM TEMPERATURE CELLS. 


Lebeau and Damiens, because of the work on fluorine purity referred to 
above, proposed a salt with a higher content of hydrogen fluoride, KF.3HF, 
m.p. 56°C., to be used below 150°C., and an anode of iron or nickel, pre- 
ferably the latter because of its freedom from carbon.’*° Excessive claims 
wete made for the current efficiency, which was said to be as high as 96— 
97% at 60—70°C., falling to 30% at 160°. Later work has shown that the 
efficiency with a nickel anode in this electrolyte is only of the order of 
70%, and that heavy corrosion of the nickel occurs. Nevertheless this work 
did open a new avenue, which has developed into the preferred route to 
fluorine. These workers also collected liquid hydrogen fluoride in a steel 
bottle, having made it by heating Frémy’s salt, and at intervals evaporated 
it into the cell to renew the electrolyte. (Fig.8.) 

_ Fredenhagen and Krefft’* showed that the abnormal phenomena on starting 
a high temperature cell could be related to the water content. The pro- 
duction of anhydrous hydrogen fluoride of very low water content was worked 
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Fig. 9. FLUORINE CELL: CADY, ROGERS & CARLSON 


out by Fredenhagen and Cadenbach,’’ and this was used for electrolyte re- 
newal. It was found that the electrolyte rapidly absorbed hydrogen fluoride, 
and it was convenient to continue until an electrolyte composition of about 
KF,1-GHF was reached, when electrolysis could be started at 160°C., with a 
graphite anode. With hydrogen fluoride contents below KF,1-8HF, the 
electrolyte did not wet graphite, and graphite anodes could be employed, but 
above this proportion of hydrogen fluoride wetting took place and graphite 
anodes were destroyed. This was made the subject of a patent.® 

It was suggested by Henne that, starting with molten Frémy’s salt, 
hydrogen fluoride could be added to attain a composition corresponding to 
KF,3HF, and that graphite anodes could be used in this electrolyte.®° Later 
work failed to confirm this. Cady, Rogers and Carlson used an electrolyte 
of composition about KF,2HF, and stated that up to KF,1-85HF graphite 
anodes stand up well, though at higher hydrogen fluoride concentrations they 
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Fig. 10, FLUORINE CELL: VON WARTENBERG & KLINKOTT 


disintegrate.”* It was.shown that the explanation of this effect as due to 
the wetting of the graphite by the electrolyte could not be true, because ina 
cell where graphite as anode was not wetted and not disintegrated, a graphite 
cathode was wetted but yet not disintegrated. The non-wetting effect 
‘persists; e.g. if a non-wetted anode is held under the tap, it is unwetted by 
tap water. These workers also showed that a mild steel pot was satisfactory 
for medium temperature cells. 

Lebeau and Damiens returned to the expedient of Poulenc and Meslans 
of having the diaphragm anodic, and this was used also by Cady, who had a 
nickel sheet cylindrical anode resting on the base of the diaphragm and 
leading the current to it 7? (Fig. 9), It has been seen that Fredenhagen and 
Krefft claimed to be able to use graphite in electrolyte of composition 
KF,1-G6GHF. Von Wartenberg and Klinkott worked at about KF,2HF, and used 
-a coiled nickel wire as anode, which could be uncoiled as the end of the 
wire was corroded away.®° (Fig. 10) A similar cell was used by other 
workers at KF,3HF.** Tian made a critical comparison of the cells of 
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Lebeau and Damiens, and of Dennis et al., and rather favoured the latter. 
Cady was the first to report the use of commercial anhydrous ene. 
fluoride for electrolyte make-up.’ 


WARTIME AND POST WAR DEVELOPMENT OF 
FLUORINE PRODUCTION 


A good deal of knowledge on the problems arising in the production of 
fluorine had accumulated when wartime requirements, especially in the U.S.A. 
and Germany, called for large quantities of the element but many of these 
problems were still unsolved and there was indeed no agreement as to which 
range of electrolyte, medium temperature or high temperature, was to be 
preferred. It will be shown below that in the U.S.A. the principal develop- 
ment was of medium temperature cells, at first with nickel anodes, later with 
amorphous carbon anodes, though there was one promising high temperature 
installation. In Germany, on the other hand, there was a large manufacturing 
plant using high temperature cells, and one promising large scale medium 
temperature cell. Discussion of the relative merits of the two types of cell 
must cover a number of points. 

As to the precise electrolyte composition (or range of composition), its 
regeneration, and the control required, there is probably little to choose 
between the types, and as to hydrogen fluoride consumption, provided that 
the medium temperature cell is operated nearer the KF,2HF of later workers 
than the KF,3HF of the original proposers, the proportion of hydrogen 
fluoride in the fluorine is about the same in both cases (Fig. 6). Con- 
cerning fluorine purity, however, there should be a complete absence of 
fluorocarbons from the medium temperature cell product, and its oxygen 
content will depend entirely on the water content of the hydrogen fluoride 
supply. In materials of construction, the medium temperature cell has a 
very definite advantage if (as was later confirmed) steel can largely be used 
in its construction, whereas in the high temperature cell copper is definitely 
corroded and there may be a need to use more expensive materials, like 
nickel or magnesium or their alloys. For anodes, graphite will be used in 
the high temperature cell, but its tendency to gradual polarization, calling 
for some remedial action, will complicate operating procedure. The anode 
for the medium temperature cell is the biggest problem: if nickel is neces- 
sary,the reductton incurrent efficiency, the usage of nickel, the accumulation 
in the cell of insoluble nickel fluorides, and the need to treat the electrolyte 
to remove this sludge, would probably throw the balance in favour of the 
high temperature cell. If carbon or graphite anodes could be used, the 
balance would certainly be in favour of the medium temperature cell. 

It was found in fact that graphite was not satisfactory in the range of 
electrolyte composition preferred for the medium temperature cell; but that 
amorphous carbon, i.e. hard carbon of the arc lamp or furnace carbon type, 
was satisfactory, although it still showed polarization in a somewhat erratic 
and unpredictable manner. The medium temperature cell was used on a 
considerable scale in the U.S.A. during the war, at first with nickel anodes, 
but later with carbon anodes, and the different users, there and in Germany, 
put forward a variety of proposals for controlling polarization. These will 
be considered after a general account has been given of the different cells 
which have been described. 

The American wartime developments in fluorine cells were described in 
1946 at a fluorine symposium*® and published in 1947.8? Fuller accounts of 
some of the wartime work have more recently appeared.** These were 
mostly developments sponsored by the U.S. Atomic Energy Commission, and 
since these relatively early experiences no further information has been 
released on fluorine production in this field. <A foreign estimate suggests 
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that American production capacity is 5000—15,000 tons per year.°* The 
developments in German fluorine production are largely described by Allied 
investigating officers immediately after the war.**” ° 

Three large American medium temperature fluorine cells, produced by 
the Hooker Electrochemical Company,*’ (Fig. 11) the Harshaw Chemical 
Company*® and the Du Pont Company®? have been described. They were 
generally of steel construction, of long rectangular shape, e.g. the Du Pont 
cell was 4 ft. x 1% ft. x 2% ft. deep, jacketed for steam or water heating 
when off load, and of 1000-2000 amp. capacity. The anodes were carbon, 
although the Du Pont cells were first started with nickel anodes. A good 
deal of information has been given on the operation of these large cells with 
nickel anodes.***°° Graphite as anode was found to swell and disintegrate; 
e.g. a graphite anode in a stream of fluorine gained 6% in weight after 26 
hours at 100°C., and increased in size, whilst a hard carbon anode gained 
only 0-28% in weight and showed no dimensional change.** Steel sheet 
cathodes were used, and the anodes were separated from them by diaphragms 
either of 6 mesh steel screen on a steel frame, which would last a year or 
longer®’ or of 8 mesh Monel metal screen;**9°? care had to be taken in the 
design and construction of these diaphragms to prevent corrosion occurring 
owing to bipolar electrode effects. The method of connection to the anode 
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varied, and the Hooker workers were of the opinion that this .connexion is the 
biggest problem in fluorine cell design. They found the best connexion was 
by copper plates bolted on to the flat carbon anodes, 18 in. x 6'4 in. x 1% in., 
with copper bolts, with a special carbon electrode paste between the copper 
and the carbon. Du Pont used a similar connexion, but Harshaw had 17/ in. 
diameter carbon rods, 12 in. long, into which a copper rod was forced, with a 
steel or copper circumferential band fitted. In all these cells the anodes 
were insulated from the cover by means of the recently discovered polytetra- 
fluoroethylene of Du Pont (‘Teflon’). The anode-supporting leads passed 
through a stuffing box and rings of ‘Teflon’ were placed over them, the upper 
and lower rings having a filling of calcium fluoride to give rigidity. Various 
connexions. were provided on the cell cover; for adding hydrogen fluoride, 

for sampling electrolyte, for sweeping out with WG, as well as, of course, 

for removal of fluorine and hydrogen. 

The cells operated with electrolyte containing 37 to 40% hydrogen 
fluoride, at temperatures between 95° and 115°, and preferably about 105°C 
Hydrogen fluoride was added at intervals of four hours. The current density 
was about 75 amp. per sq.ft. on full load, the voltage in normal operation, at 
the start, would be 8—9 volts, and the current efficiency on fluorine is 
variously given as about 90%*° and close to 95%.°* The fluorine is said to 
contain between 4 and 8% of hydrogen fluoride with an average of 6%,*°’ and 
-5—15% of hydrogen fluoride.*® Obviously, the exact amount will depend to 
some extent on the electrolyte composition, but, in the narrow range of. 
compositions used, principally on the temperature. After removal of the 
hydrogen fluoride, the following analyses are recorded:- 


Per cent.®” Per cent.® 
Fluorine 99-0 —99.4 98 
Carbon dioxide 0-12— 0-14 - 
Oxygen 0-3 — 0-65 ety eed 
Nitrogen and inert gases 0-1 — 04 =Coal 
Fluorine oxide ao small amount 


Among troubles with these cells, corrosion was unimportant if care were 
taken in the design and construction of the diaphragm. The principal trouble 
was polarization, which could arise from a number of causes including the 
composition of the electrolyte, failure of the anode connexion, and the 
peculiarities of the carbon anode. As to the electrolyte, water could cause 
trouble, particularly on starting a new cell; in the manner usual with high 
temperature cells, a high resistance developed and the cell current dropped. 
This was overcome by starting a cell on a nickel anode, which did not show 
any effect due to water; hence all the cells incorporated a subsidiary nickel 
anode. If the hydrogen fluoride content fell below about 37°5%, some 
polarization occurred, but this was easily rectified by adding hydrogen 
fluoride. The contact between the anode carbon and the copper connexion 
tended to deteriorate, and this led to a gradual increase in voltage.*’ If the 
contact failed completely on one anode plate an excessive load would be 
thrown on the other plates in the cell, and polarization was very common 
when an anode was operated at a high current density for any length of time. 
The only cure for this defect was to take the cell off load and replace the 
anode block. An anode life of about three months was found in one case °*’ 
Finally there was polarization due to less obvious causes. The Harshaw 
workers attribute it to non-wetting of the carbon anodes, and describe how 
lithium fluoride, which was added in an attempt to reduce the hydrogen 
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Fig. 12. 250 AMP. FLUORINE CELL: 
PENNSYLVANIA SALT MANUFACTURING CO. 


fluoride loss, seemed to improve the wetting of the anode by the electrolyte. 
Further study showed that aluminium fluoride and sodium fluoride were 
effective, but ‘since lithium fluoride was less readily precipitated from the 
electrolyte by reaction with contaminants than the other two’, it became the 
standard addition. Quantities from 0-2% lithium fluoride up to saturation 
were all effective; normally 1-0—1-5% was used.** In a study of certain 
features of laboratory cell operation, however, Schumb, Young and Radimer™ 
found that the concentration of added lithium fluoride diminishes with time, 
and finally reaches a small value when its beneficial effects disappear. 
Stirring up the sludge at the bottom of a cell in which this has occurred 
Causes a temporary improvement. Analysis of three samples of electrolyte 
from Harshaw cells — one fresh, one used for a short period, one long in 
use — indicated a progressive reduction of the lithium fluoride content from 
105% to 02%. Aluminium fluoride is also said to be only very slightly 
soluble in electrolyte. The exact effect, and the mode of action, of these 
additions is therefore obscure, and doubt has been cast on the suggestion 
that they cause wetting of the anode.’ 

Special types of amorphous carbon have been specified, to reduce polari- 
zation troubles. The Harshaw anode was impregnated with copper, which 
was found to give it greater strength, facilitated electrical connexion, and 
reduced the influence of the hydrogen fluoride content of the electrolyte. 
The anodes in the Du Pont cell were strengthened by impregnating them with 
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carbonaceous material and rebaking. Reference has already been made to 
the use of auxiliary nickel anodes at the start of a cell, to eliminate water. 
With the Du Pont cell it was customary to switch to the nickel anode for a 
short period when polarization was serious. 

Some operating data for smallercells have also been given. The Harshaw 
Company describe a laboratory cell taking 50 amp., based on a single rod of 
their copper-impregnated carbon, and with the old concentric cylindrical 
arrangement of anode, diaphragm, cathode. Schumb et al.” give data on the 
distribution of voltage drop in a laboratory cell, and on the variation of 
specific conductivity, and specific gravity of electrolyte with hydrogen 
fluoride content. The chief interest of their cell, however, lies in the 
absence of any diaphragm between anode and cathode: there was a solid 
cylinder in the gas space, separating the gases arising from the anode and 
the cathode, and dipping into the electrolyte to provide a seal, but there was 
no screen of any sort below this. This was effective ‘because of the close 
streamlining of the fluorine liberated at the anode, which prevented mixing 
of the gas with hydrogen from the cathode.’ This is a considerable simpli- 
fication in design. Both anode and cathode were insulated in passing 
through the cover, so that the sealing bell was at a voltage intermediate 
between them, as was usual in all the cells described in this section. A 
carefully designed cell of rather larger capacity, 250 amp., is also described.” 
This, the Pennsylvania Salt Manufacturing Co. cell, also had no diaphragm, 
only a sealing bell (Fig. 12). Another cell, of 15 amp. capacity, was a 
medium temperature cell of pre-war pattern;°* and another of 25 amp. capacity, 
had a graphite anode, was generally of nickel construction, had no diaphragm 
between anode and cathode, and operated with an electrolyte containing up 
to about 1-8 moles otf hydrogen fluoride per mole of potassium fluoride, 
specifically referred back to Fredenhagen and Krefft.** 

I. G. Farbenindustrie designed a cell of 250 amp. capacity, first operated 
in 1940, and then a 2000 amp. cell which was started in 1942.°*** The cell 
body (Fig. 13) was made in cast magnesium alloy, 300 cm. long, 30 cm. 
Square internally, having a 10 cm. external magnesium pipe for circulating 
electrolyte from end to end of the cell, with an internal water cooling pipe of 
nickel, and a cover of magnesium alloy sheet, with various connexions and 
apertures. The cathodes were magnesium alloy plates, on either side of the 
anodes, so that three rows ran the length of the cell. The anodes were 
made of specially hard carbon; amorphous carbon anodes were impregnated 
with pitch and rebaked at 1000°C., and the product was tested for breaking 
strength and hardness. The anodes were 35 cm. X 12 cm. X 5 cm., and 15 
were arranged in line. For connexion, a copper rod was screwed into a 
tapped hole in the carbon. A sintered alumina bush resting on .a shoulder 
on the copper rod fitted in’the aperture in the cover and prevented access of 
fluorine to an outer bushofrubber which made a gas tight joint. The cathode 
leads were similarly insulated from the cover. There are no diaphragms in 
this. cell but magnesium ribs project from the cover into the electrolyte and 
separate the anode and cathode gases. There are two end compartments 
separated by magnesium baffles from the electrolysis section: one has the 
hydrogen fluoride feed pipe and the electrolyte outlet connexion with an 
impeller causing circulation, the other has the electrolyte return connexion. 
and an additional water cooling coilvof nickel pipe. 

The I.G. cell uses electrolyte of composition approximately KF,2°5HF, 
i.e. about 46% hydrogen fluoride, which is noticeably higher than in the 
American cells, and the working temperature, normally 75 —85°C., is lower, 
as may be expected from the m.p. of such electrolytes. (Fig. 5) The anodic 
current density, 90 amp. per sq.ft., is rather higher than in American practice, 
the voltage is 11—13, and.the current efficiency is said to be 85%. The 
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anhydrous hydrogen fluoride used was described as ‘technical grade’, with 
96:5% HF, 2—3% of water, and up to 1% of hydrofluosilicic acid. This 
must be of much poorer quality than the American, judging by the oxygen 
content quoted for the fluorine from the latter, so it is remarkable that 
polarization troubles were not more serious than in American practice. It is 
specifically stated that there was no trouble due to polarization or falling 
off of efficiency.** The only trouble reported is cracking of the carbon, 
which is attributed to penetration of electrolyte and expansion of corrosion 
products, but might, perhaps, be due to the swelling and disintegration which 
has been reported to occur with graphite at lower hydrogen fluoride con- 
Centrations. In referring to the procedure when new anodes are installed, 
it is remarked that hard anodes are attacked mainly by erosion, that erosion 
leads to accumulation of carbon particles, while corrosion leads to accumula- 
tion of magnesium fluoride and fluosilicate, and this mixed sludge is cleaned 
out when new anodes are being installed. 

Cf the high temperature cells, the German, called the Falkenhagen cell, 
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Fig. 14. FLUORINE CELL: FALKENHAGEN OR O.K.H. 


from the place of its installation, is notable for its extensive use of mag- 
nesium alloy, as in the I.G. cell. It represents the largest and most 
ambitious fluorine cell installation which has been described.**”** A complete 
plant with GO cells, for the production of 720 tons of fluorine per annum, to 
be converted into 1000 tons of chlorine tritluoride, was erected during the 
war. A great deal of research had gone into the design of the cell, some 
account of which has been given by an allied investigator,’ but little by 
those who had actually participated in the work. With its silver cathode, it 
seems to be a descendant of the Bodenstein cell®* although it had not the 
other outstanding feature of that earlier cell, bottom entry electrodes. The 
Falkenhagen cell (Fig. 14),of 2500 amp. maximum capacity, had a container 
45 in. X 27 in. X 38 in. deep, welded from *4 in. magnesium alloy sheet, 
standing in an outer casing, with provision for electric heating when the 
temperature fell below 245°, and air cooling when the temperature rose above 
253°. The six graphite anodes and seven pertorated corrugated silver 
sheet cathodes were surrounded by cast magnesium alloy bells, louvred 
in the facing sections. The anode passed through a neck in the bell, closed 
by a gland and insulated by a cement of fluorspar, red lead and glycerine. 
The maximum anodic current density was 73 amp. per sq.ft., the current 
efficiency 95%. Each cell had its own D.C. rectifier, normally worked at 
2000 ainp., and at the start of its life would require 6-0 —6-5 volts. The 
cell voltage slowly increased owing to anodic polarization, and when it 
reached 11-5 volts, after 3—4 months of continuous operation, a special 
generator was connected to apply 60 volts, at which the cell took 5000 amps. 
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After 5-10 minutes of this treatment the anode would operate again at low 
voltage. Sometimes, however, it is said, the anode had to be removed and 
scraped to restore its normal propetties. 

Very special care was taken in the preparation of electrolyte and the 
treatment of hydrogen fluoride for the cell feed. The pure potassium bi- 
fluoride was pre-electrolyzed in a magnesium cell, with graphite anodes and 
copper cathodes, to remove the last traces of water as well as undesired 
impurities, and run into magnesium containers for storage. Owing to corrosion 
of the silver cathode and accumulation of sludge, the electrolyte was re- 
moved from the cell at 12—18 months intervals and clarified by settling 
before returning to the cell. The anhydrous hydrogen fluoride contained up 
to 0+8% of silicon tetrafluoride, up to 0+5% of sulphur dioxide and small 
amounts of water. It was treated with 1—2% of fluorine at 250 — 300°C. to 
decompose sulphur dioxide and traces of water, and recondensed. The cells 
were supplied continuously with hydrogen fluoride gas through a magnesium 
distributor in the cathode compartments; each cell stood on a weighing 
machine so that the rate of addition could be controlled, but a check analysis 
of the electrolyte was made every three days, and the hydrogen fluoride 
content of the hydrogen, recorded catharometrically, was also a guide to 
electrolyte composition. The hydrogen and the fluorine were cooled to 
~60°C. to remove hydrogen fluoride, and the fluorine then contained about 
1% of impurities, mainly oxygen, carbon tetrafluoride and silicon tetrafluoride. 

The American installationof high temperature cells had seven cells each 
of 800 amp. maximum capacity, and a notable feature was the high anodic 
current density. The cell had a narrow container of Monel metal 4 in. x 
34 in. X 16 in. deep, with a jacket filled with heat transfer fluid (diphenyl 
oxide). The container was the cathode, and there were 16 graphite rods, 
I in. in diameter, fitted in the copper head of the anode assembly. Although 
a diaphragm was not necessary to separate the gases generated at anode and 
cathode, a cage of Monel metal strip was attached to the gas separating bell, 
to prevent broken anodes causing electrical short circuits, and this carried 
a deflector plate to stop hydrogen from the cell bottom rising into the fluorine 
compartment. The cell operated at 260 —270°C., the anodic current density 
was 300-325 amp. per sq.ft., and the normal voltage 6 to 8 volts. The 
current efficiency, normally 90-95%, dropped as the anode aged to 55%, 
but this could not be explained. Hydrogen fluoride was passed into the cell 
bath at regular intervals. There was some corrosion of the metal parts, not 
regarded as serious, but a sludge of metal fluorides accumulated in the 
bottom of the cell and was removed when an anode assembly was changed. 
The limiting factor in the life of a cell was deterioration of the anode 
contact. Some anodic polarization occurred, and was cured by raising the 
voltage to about 30, when the current suddenly increased and normal opera- 
tion at about 8 volts could be resumed. 

The industrial development of fluorine has continued since the end of the 
war, and manufacturing developments in U.S.A.°° and in Great Britain?’ have 
been described. The Pennsylvania Salt Manufacturing Co., whose 250 amp. 
cell has been referred to above, have developed a 2000 amp. cell of similar 
design. A specification is given for electrolytes, the impurities in which 
may not exceed the following proportions:- potassium fluosilicate 0+2%, 
sulphate 0-1%, chloride 0-05%, and water 0-05%. The hydrogen fluoride 
used should not contain more than 0-2% of water, 0°1% of hydrofluosilicic 
acid, 0-06% of sulphur dioxide, and 0.005% of sulphuric acid. A laboratory 
cell using a bottom entry anode in medium temperature electrolyte at 40 amp. 
has been described®* anda French laboratory installation may also be noted.”° 

Some further information has been given regarding the laboratory cell 
supplied by the Harshaw Company*®° and it has been said that cells have 
also been supplied by an English company.*™ 
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THE CHEMICAL BEHAVIOUR OF CARBON ANODES 
IN FLUORINE CELLS. 


It has been remarked that the anodic behaviour of carbon and graphite in 
the fluorine cell electrolyte is complex, and some understanding of these 
phenomena can be obtained from the chemical and physical relations of 
carbon and fluorine, though the explanation is as yet far from complete. Ruff 
and Bretschneider!™ in 1934 showed that at temperatures of 400° and above, 
carbon in its various forms reacts with fluorine to give a solid product cor- 
responding in composition to carbon monofluoride, CF. Later W. and 
G. Riidorff*® showed that hydrogen fluoride Catalyzed the reaction, so that 
graphite (natural flake) in presence of fluorine and sufficient hydrogen 
fluoride forms carbon monofluoride at temperatures as low as 250°C. This 
product is an electrical non-conductor, and it was suggested that its gradual 
formation may explain the slow polarization which has frequently been 
reported in high temperature cells. The same workers showed that fluorine 
in the presence of hydrogen fluoride vapour reacts with graphite at tempera- 
tures below 100°C., to form a ‘solid, approximating to tetracarbon mono- 
fluoride, C,F, witha somewhat different structure from carbon monofluoride.*™ 
This compound is formed readily at room temperature but not at all above 
100°C., and in this temperature range the compound itself decomposes. 
Moreover, in liquid hydrogen fluoride, fluorine converts graphite into an 
unstable salt-like compound tor which the formula (Gin )HF, ,4HF and the 
quite inappropriate name of ‘graphite bifluoride’ have been proposed. siamo 57 
tendency of graphite, when anodic, to swell and disintegrate in electrolytes 
richer in hydrogen fluoride, and of even amorphous carbon to polarize in 
medium temperature electrolyte, must be related to the formation of these 
compounds. The significance of carbon monofluoride formation in the high 
temperature cell has been considered in a further paper by Riidorff and 
others.*°© The gradual increase in voltage in such a cell, called the ‘ageing 
phenomenon’, is attributed to the superficial formation of carbon monofluoride 
having insulating properties. At a certain point the voltage rises discon- 
tinuously and the anode effect sets in, while luminous phenomena occur 
around the anode owing to actual combustion of the carbon monofluoride to 
volatile fluorocarbons, mostly carbon tetrafluoride. This explains the 
procedure used to cure polarization: in the Falkenhagen cell. This burning 
-produces a highly polished, mirror-like appearance on the anode surface, 
which was, earlier, attributed to a deposition of silicon. 

The physical behaviour of the fluorine discharged at a carbon anode ina 
medium temperature cell has been described by Rudge and co-workers,.*°%*% 
Medium temperature electrolyte has a contact angle greater than 90° at a 
carbon anode, andas a consequence of this, fluorine discharged at the surface 
does not form spherical bubbles breaking away from the surface, but ac- 
cumulates as lenticular pockets pressed against the surface. These 
slip up the anode surface, and fluorine escapes at the anode-electrolyte 
meniscus, which is negative. This is a development of the non-wetting 
observations of Fredenhagen and Krefft, and of Cady et al., and explains 
why a diaphragm can be dispensed with in the medium temperature cell. 
These observations have led to a novel proposal for taking fluorine from the 
cell (see Patents). 


PATENTS. 


Several of the features in the wartime and post-war development of 
fluorine production considered above have beenthe subject of patent applica- 
tions. The use of lithium fluoride in amounts of about 4% is claimed to 
render the use of a carbon anode possible in a medium temperature cell.’” 
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The dehydration of electrolyte by distilling off part of the hydrogen fluoride 
has been claimed.*!® The use of a carbon anode impregnated with 35 —47% 
of copper, in an electrolyte containing 0-1 to 2°5% of lithium fluoride, at 
temperatures between 95° and 115°C. has been protected,*** and a carbon 
anode (which may be copper impregnated) provided with a thin coating of 
metallic nickel is claimed to improve operation initially, when there is 
residual water in the electrolyte.**? In two patents, claims are made for the 
use of a subsidiary nickel anode when the carbon anode becomes polarized.*** 
Particular cell designs have been patented*** including one medium tem- 
perature cell with nickel anodes**® and one with a method of operation 
specified.**® A patent of English origin claims that polarization troubles in 
the medium temperature cell are overcome by the use of a carbon of much 
greater permeability than ordinary carbon.**’ A combination of this high 
permeability carbon and the non-wetting effect reported by the same workers, 
leads to a novel arrangement of cell in which the anode, which is hollow and 
provided with access to the interior by means of a copper pipe, is wholly 
immersed in the electrolyte.‘4® The copper provides electrical connexion 
to the carbon, but itself, as is already known, is passive. The fluorine 
appears in the interior of the anode and is led away by the copper pipe (Fig. 
15). 

A patent for the production of uranium by electrolysis of uranium tetra- 
fluoride in a bath of mixed halides, e.g. calcium and sodium chlorides, 
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claims that fluorine is released, contaminated with a small amount of chlo- 
rine,*?® but the reliability of this observation is perhaps doubtful. 


BOTTLED FLUORINE 


It has been noted above how the study of fluorine has been progressively 
facilitated by the increasing availability of compounds required in its pre- 
paration. Moissan’s raw material was aqueous hydrofluoric acid, from which 
he had to prepare potassium bifluoride and thence anhydrous hydrogen fluoride 
and fluorine. In the 1920’s it was possible to buy potassium bifluoride, in 
the 1930’s, anhydrous hydrofluoric acid, and finally, in that decade also 
fluorine itself became available. There have been references to compressed 
fluorine in steel cylinders, supplied by I.G. Farbenindustrie before the war 
of 1939—45.*° During the war supplies of this kind were developed in 
America for the special requirements of the Manhattan Project,®™ ®* and 
since the war supplies have become commercially available in U.S.A.°° and 
in Great Britain.°%*”* 

The mechanical compression of fluorine has been studied. Problems of 
lubricant and gland packing in the more conventional type of equipment 
were very serious, but compressors of the diaphragm type have been used 
successfully up to 40 lb. per sq. in.*#** At this pressure the amount which 
can be contained and transported in steel bottles is very small, so higher 
pressures are essential and to achieve them the procedure adopted is to 
liquefy the fluorine by cooling with liquid nitrogen and then to re-evaporate 
the gas to the desired pressure in the shipment container. Several des- 
criptions have been given of the equipment used in this process.**%'*"5 
Before the fluorine is liquefied it is desirable to reduce the hydrogen fluoride 
content to a very low figure. For this purification, sodium fluoride has 
generally been used to absorb the hydrogen fluoride, although potassium 
fluoride has sometimes been employed. Occasionally workers have cooled 
the fluorine to -80°C. by means of solid carbon dioxide-acetone mixtures, 
but the amount of hydrogen fluoride remaining in the gas at this temperature 
is still appreciable,*?® sufficient, as Moissan showed, to cause a slight 
attack on glass.’”®© For still more efficient purification by cooling, liquid 
air has been used. Ruff showed, however, that the condensate collecting in 
the liquid air traps tends, on warming up, to explode; the unstable compounds 
causing this were not identified, but were destroyed by prior heating to 
300°C.** In a process involving liquefaction and re-evaporation of the 
fluorine, as in the preparation of bottled fluorine, there would be a tendency 
for such explosive residues to accumulate, and it is therefore standard 
practice to heat the gas to 300°C. before liquefaction. The purification of 
fluorine from the oxygen it usually contains has been described.*°? The gas 
is treated by selective absorption of oxygen on active charcoal at low tem- 
peratures and is then condensed and fractionally distilled at liquid air 
temperature, the fluorine content by this means being increased from 95% to 
99%. (See also difluorine dioxide, page 193). It is possible to reduce the — 
hydrogen fluoride content toa fraction of 1% by passage over sodium fluoride, 
and the performance when the sodium fluoride is used regeneratively has 
been studied.*** It has been proposed also to make a porous absorbent by 
compressing sodium acid fluoride, NaF.HF, into pellets, which are then 
filled into a tower and heated at 275—300°C. in a stream of nitrogen to 
remove the hydrogen fluoride and leave a porous pellet. The tower is 
operated for hydrogen fluoride absorption at 100°C., to prevent blockages 
occurring owing to swelling of the pellets of formation of liquid higher 
hydrotluorides. Such a tower should serve for many cycles of absorption at 
100°and regeneration at 275 = 300%., without any falling off in performance.**® 

Bottled fluorine is potentially a very dangerous material to handle. If 
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for any reason a small amount of reactive material causes a local reaction 
with fluorine to occur, this will most probably be in the valve, expecially in 
the gland. The heat evolved in any such reaction is considerable, and may 
cause a rise in temperature sufficient to start an uncontrollable reaction 
between the fluorine and the gland packing, and even the metal of the valve 
itself may finally burn briskly in the high concentration of fluorine which is 
available. Illustrations of this effect have been given.’?> Because of this 
risk, American practice limited the pressure in the containers to a maximum 
of 400 lb. per sq. in., and recommended that the containers should be used 
behind stout brick or steel barriers, with remote control of the valves.*° In 
Germany, cylinders were filled to 2000 lb. per sq. in., and no information has 
been given on any safety precautions recommended. An American patent 
describes a tank for storing fluorine, made of copper or nickel or a binary 
alloy, but the particular advantage over mild steel is not obvious.*”’ 
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SECTION II, 


THE PHYSICAL AND CHEMICAL PROPERTIES OF FLUORINE 
By H.RoLEECH 
[In part with K.D. WADSWORTH] 


THE PHYSICAL PROPERTIES OF FLUORINE 


The melting point of fluorine has been given as -223°C.*but a more recent 
and probably a more accurate determination gives 55+2°K. (or -217-9°C.)? 
The heat capacity of the solid has been estimated to be 27-5 joules per gram 
atom,® i.e. 13-14 g.-cal. per mol., but lower figures are given by the series 
of determinations carried out by Kanda? given in Table I. The latent heat of 
fusion has been determined calorimetrically as 372 g.-cal. per mol.? or, 
calculated from the vapour pressure data, 390 g.-cal.,* and the heat of vapori- 


isation of the solid, 1970 g.-cal. per mol.* The vapour pressure of the solid 
is given as:-* 


Temperature, °K 51:85 52:55 53-90 54-50 55-15 
Vapour pressure, mm. of mercury 0-10 1-55 1-75 2°10 2-70 
These data are represented by the equation log,,»pmm = 4 9:00 + 8.233. The 

characteristic temperature 0 of the solid is 1003.7 
From determinations of the vapour pressure of liquid fluorine, the follow- 


ing equations have been derived; Pe, being the vapour pressure in cm. of 
mercury and 7 the temperature in °K. 


“logioPem = 13317 - 


See ~ 0:007785 T 


logioPom = 87202 - S82SS_ 0.016567 


‘logipPom = 81975 - =*22- 0.013150 T 


From these equations the corresponding atmospheric boiling points are, 
respectively, 84-93°, 85-21°, 85-19°K., or about ~188°C. The critical tem- 
perature was found to be 144°K., or <129°C., and the critical pressure es- 
timated to be 55 atm.* The latent heat of vaporization at the normal boiling 


point, calculated from the above vapour pressure data, is given as 1600,° 
1560° and 1581* g.-cal./mol. 


TABLE L— MOLAR HEAT CAPACITIES OF SOLID AND LIQUID FLUORINE? 
14-91] 17-75 [20-01] 23- 10|25-42)29-50|32-00 [35-40] 39-11) 43-10] 
1-167] 1-807 |2-240|2-841|3.44014-310]4-795|5-561) 6-280] 7-120 
47-95] 52-98 {53-98)55-20157-50|62-51|67-49|77- 19 83-41/85-19 
7-741) 8-210 |8-761} m.p. |10-84{10-92] 10-98]11-12} 11-20] b.p. 
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| Temperature, °K. 
Ht. capacity, 
| g.-cal./mol. 


| g.-cal./mol. 
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The extensive determinations by Kanda have also given the data in Table II 
for the density, dielectric constant and surface tension. 


PROPERTIES OF LIQUID FLUORINE 
TABLE Ila TABLE IIb 


Temp. Density’ | Dielectric Temp. es 
RK g./cc. | Constant’K | Relea aedeevan 


The solubility of chlorine in liquid fluorine has been reported,’ and the 


viscosity of gaseous fluorine determined by the same worker® is given in 
Table III. 


TABLE III.— VISCOSITY OF GASEOUS FLUORINE! 


Temperature, °K.| 86-8] 118-9|148-8]167-9|192+3|213-1| 229-6] 248-91273-2 
Waites 2107 5-55) 875 110-80|12-01| 13-79] 14-92] 16-11) 17-27] 20-93 


From these data a value of 3-65 A. for the effective diameter of the fluorine 
molecule was calculated. Compilations of thermodynamic functions for 
gaseous fluorine have been given,’*’*! and some data from these** are given 


in Table IV. 


TABLE IV.— THERMODYNAMIC FUNCTIONS FOR 
GASEOUS FLUORINE, cal./mol. 


298-16 | 41-412 | 48-484 
300 41-455 | 48-530 
400 43-510 | 50-734 
500 45-139 | 52-519 
600 46-498 | 54-020 


800 48-696 | 56-453 
1000 50-446 | 58-379 
1200 51-905 | 59-970 
1400 53-156 | 61-325 
1600 54-253 | 62-503 
1800 55-228 | 63-546 | 
2000 56-108 | 64-480 


The thermal conductivity of fluorine has been determined’? between 93° 
and 787°K., in connection with the determination of the heat of dissociation, 
using fluorine made by the decomposition of chlorine trifluoride as described 
previously (see page17). The results are given in Table V. From these 
results a value of 3-52 A. for the effective diameter of the fluorine molecule 
is calculated. It was also concluded that the heat of dissociation cannot 
be less than 45 kg.-cal./mol., but this is higher than the most probable 
value, and the work has been criticised by Evans et al. (see below, page 49) 
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who suggest that any attack of fluorine on the heated nickel filament, which 
cannot be excluded, would falsify the results. The presence of traces of 
chlorine in the fluorine (from the method of preparation employed) would 
probably catalyze such an attack, 


' TABLE V— COEFFICIENTS OF THERMAL. CONDUCTIVITY FOR 
FLUORINE GAS, IN 107” cal./cm. degree sec. 


T°K || 100} 150} 200} 250} 273|300/350/400/450) 500} 550] 600} 650] 700} 750] 800 
1206321] 436] 544! 592|643| 736/823 |909] 993] 1078] 1166} 1251 |1336|1418 |1503 


It has been suggested that ortho- and para- systems may be expected not 
only in the hydrogen molecule, but in a number of others including fluorine, 
for which the ratio of ortho to para is probably 3.** Several workers have 
discussed the electronic structure of the fluorine molecule and compared it 
with the nitrogen and exygen molecules.** 

The heat of dissociation of fluorine has been a subject of some interest 
in the last decade. The estimate of von Wartenberg and Taylor, giving 63-5 
kg.-cal./mole, was based on an extrapolation from the spectral data for the 
other halogens, and was a very empirical value.** Nevertheless, it fitted in 
very reasonably with the known dissociation energies of the other halogens: 
57-2, 46-1, and 35-5 for chlorine, bromine and iodine respectively,’® and not 
too badly with earlier estimates, and this figure was generally accepted. A 
number of other estimates were made, which generally, up to 1940, did not. 
differ widely from von Wartenberg’s figure. Table VI shows all the values. 


TABLE VI— THE DISSOCIATION ENERGY OF FLUORINE D,(F,) 


Value : : 
Year Authors RefJKg.cal. Method 
mol. 


1922;Henglein 17| 64 jExtrapolation from dissociation of other halogens, 
and atomic radius. 
1925|Wilsdon 316.5)/Estimated from electronic theory. 
9}|>69 |From spectra; no actual figure given. 
1930|Stackel 1} 69 |Estimated from electronic theory. 
1930|/v. Wartenberg & Taylor 63.5!|Extrapolation from spectra of other halogens. 
1932) Desai 76 |BornmHaber cycle with NaF, KF. 
1932/Lederle 67 jExtrapolation, spectral data of other halogens. 
1937)Bodenstein & Jokusch 70 |Further examination of Wartenberg’s method. 
1939|Herzberg ; 
81 {Spectral and theoretical considerations. 
1942] Wahrhaftig ? 8.6iSpectrum and thermochemistry of CIF. 
1947|Schmitz & Schumacher | 30-33 |Spectrum and thermochemistry of C1F. 
1951)Schumacher ; 30 |Estimated from thermochemistry of FO. 
1948] Wicke 63 |Thermal conductivity of fluorine. 
1950|Fucken & Wicke 40.2|Review of data. , 
1951|Wicke & Franck Thermal conductivity. 
Review of data. 
1949! Glockler Q Heat of dissociation of CIF. 
1950!Caunt and Barrow Modified Born-Haber cycle with RbF', CSF. 
1950/Caunt and Barrow Modified Born-Haber cycle with TIF. 
1950/|Butkov & Rozenbaum Estimate from data on spectra and force constants. 
1950|Evans, Warhurst and Re-evaluation of thermochemical and spectral data. 


Consideration of Wicke’s data. 
1951} Johnston Estimation of electron affinity. 
1951) Doescher 37.7|/Measurement of dissociation pressure. 


From a study of the absorption spectrum of chlorine monofluoride, and its 
heat of formation, Wahrhaftig concluded that D,(F,) must be smaller than was 
generally believed: the determined value for the heat of formation of chlorine 
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monofluoride led to the very low value of 8-6 kg.-cal./mole for D,(F,), and he 
concluded that the heat of formation of chlorine monofluoride also required 
revision.- A lower value for Q, (CIF) was shortly afterwards determined,*’ 
giving a value for D,(F,) between 30-6 and 33-4. Wicke, applying the data 
for the thermal conductivity of fluorine, at first said that this result supported 
the value of 63 kg.-cal., but this figure was later revised towards much lower 
values. A critical review by Evans, Warhurst and Whittle showed that the 
best estimate gave 37 + 8 kg.-cal., and shortly afterwards the figure 37-7 
kg.-cal., based on the actual determination of the dissociation pressure, was 
published. It seems probable, therefore, that the heat of dissociation of 
fluorine D,(F,), cannot be very far from 37 kg.-cal./mole. The determination 
of the dissociation pressure was carried out in a nickel vessel coated step- 
wise with fluoride by heating in contact with fluorine at temperatures up to 
850°C., using a differential manometer filled with a fluorocarbon oil. The 
Variation of pressure with temperature over the range 486°—842°C. was 
compared for fluorine and for nitrogen, and a straight line relation established 


for 
inte 19,000 : 
aE = InKp = 14.5 — 7 (p. in atm.) 


Using this isochore, the calculated temperatures for various degrees of dis- 
sociation at various total pressures are as given in Table VII, linear inter- 
polation for intermediate degrees of dissociation being of about the same 
accuracy as the experimental data. Temperatures outside the range of 
Doescher’s measurements (486 — 842°C.) are bracketed. 


TABLE VII— DISSOCIATION OF F, — TEMPERATURES (°C.) FOR 
GIVEN DEGREES OF' DISSOCIATION AT GIVEN TOTAL PRESSURE. 


Degree of 
Dissocia- 
tion, % 


Pressure, mm. Hg. 


(1780) |(1420) |(1130) |(920) 


The implications of this much lower value for the heat of dissociation of 
fluorine have been reviewed by Evans et al.*’ 


INTER-ATOMIC DISTANCE. 


The inter-atomic distance in the fluorine molecule has been determined 
by electron diffraction, and a figure of 1-435 + 0-010 A. obtained* as against 
an earlier, provisional figure of 1-45 + 0-05 A.** This gives 0.72 A. for the 
covalent radius of fluorine, and Pauling**® has pointed out that there is an 
unexplained discrepancy between this figure and the 0-64 A. for the normal 
single bond covalent radius for fluorine deduced from crystallographic data. 
Doubt has been cast on the value 0-64 A.,** and Gordy, having revalued the 
data, more particularly for fluorine covalent double bonds, proposed the 
figure 0-60 A.** Some success has been achieved in relating the data for 
bond distance to atomic structure, by general formulae applicable not only to 
fluorine;*® in one case the formula gives a value of 1-42 A. for the F-F 
distance.*” The interpretation of the parachor as a measure of atomic volume 
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has been applied to fluorine, introducing the ‘packing radius’ in addition to 
the ‘bond radius’. Taking the Pauling value of 0-64 A. for the latter, parachor 
data give 1-16 A. for the packing radius of fluorine, which agrees well with 
the value of 4% (F-F) in carbon tetrafluoride, which is 1-12 A.** More 
general discussions have also attempted to deal with the bond radius of 
fluorine. *? 


ELECTRON AFFINITY 


This, like the dissociation energy, has been a controversial subject. A 
value of about 95 was at one time generally accepted, because it fitted in as 
would be expected with the other halogens. The following two series have 
been quoted (kg.-cal./g.-atom). 


fluorine chlorine bromine iodine 


Sherman*° 98-5 92-5 87-1 79-2 
Mayer and Helmholtz? 95-3 86-5 81+5 7142 


The electron affinity may be related to the dissociation energy in a Born- 
Haber cycle.°*’ 


E, = Q(MX), + S(M), + [(M) + %D(X,) + Y 


where E is the electron affinity of the halogen X, Q(MX), the heat of for- 
mation of the crystalline salt MX from crystalline metal and gaseous halogen 
molecules, S(M), the heat of sublimation of the alkali metal, /(M) theioni- 
zation potential of the alkali metal, D(X,) the halogen dissociation energy, 
and U, the lattice energy of crystalline MX. This method was used to obtain 
the results for the halogens quoted above, and the generally accepted value 
of 95-3 kg.-cal. for fluorine is based on the von Wartenberg value for D,(F,) of 
63-5. Correcting to the new value of 37-7 kg.-cal., the electron affinity 
becomes 82-4 kg.-cal.®? An attempt had been made to determine the electron 
affinity experimentally, from the performance of a tungsten filament in fluorine 
at temperatures up to 2600°K., but the results were considered anomalous 
because of the wide scatter of the data and the apparent trend with tem- 
perature.53 A re-examination of the results shows that the mean value of 27 
observations is 82-2 kg.-cal., in good agreement with the value arrived at 
above.** This, then, must be accepted as the electron affinity of the fluorine 
atom. Evans et al.*’ have also arrived at this figure in a re-assessment of 
the data for the alkali metal fluorides, and show that the results are remark- 
ably consistent, being 


from LiF NaF KF RbF CsF 

E  Kg.-cal. 81.8 82.0 79.3 83.1 82.5 
A more recent attempt to estimate a value by quantum mechanical methods 
and extrapolation from spectroscopic data gives a figure of 73 kg.-cal.* 
Earlier applications of a Born=Haber cycle had given values of 94 kg.-cal.** 
and 92.2 kg.-cal.** An alternative method of approach, by extrapolation from 


ionization potentials, has given values of 80.7,5° 91,57 94.5,°* and 94.5.°° 
Other methods gave false results. °° 


OTBER CONSTANTS 


Pauling’s electronegativity function for fluorine was found to be 4.0,** | 
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which was confirmed by a rather different method of derivation.®* More 
recently a revised value of 3-9 has been proposed.© From a study of the 
reactions of metal fluorides and hydrogen, values for the chemical constants 
of fluorine and hydrogen fluoride are respectively 0-7 + 0-3 and ~1-0 + 0.3.8 

The value of the normal electrode potential of fluorine has been estimated 
from thermochemical data to be 2-85 + 0-04 v.% An attempt to determine this 
experimentally by measurements on the cell F,,Pt/KF in HF/PbF,,Pb was 
unsuccessful. No constant readings were obtained, apparently owing to 
attack on the platinum electrode by the fluorine.’ Further determinations of 
the E.M.F. of hydrogen=fluorine cells are reported later. Measurements in 
fused fluorides have led to a value for the fluorine potential at 18°C., re- 
ferred to hydrogen as zero, as 1-923 v.°* but there has been controversy on 
this point.°” 


NUCLEAR MAGNETIC MOMENT 


Studies®* of the hyperfine structure of the arc and band spectra of fluorine 
indicated that the nuclear spin quantum number was 7% and the nuclear magnetic 
moment about 3 nuclear magnetons. Millman et al§”7° have made quantitative 
determinations by the molecular beam resonance method, the most recent’® 
being + 2-625 + 0-003 nuclear magnetons. Determinations by the same 
method by Siegbahn and Lindstrém’* and by Poss” gave 2-626 while a 
determination of the ratio of the precession frequencies for hydrogen and 
fluorine’? yielded the slightly higher value 2°627 nuclear magnetons. 
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ATOMIC WEIGHT 
The determinations of Moles and Batuecas'’*#* in 1920 —1922 of the gas 
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density of methyl fluoride which gave F = 19-002 + 0-004, were repeated by 
Patterson, Cawood and Whytlaw-Gray**?® in 1931 — 1932 who found F = 19.001 
using different samples of methyl fluoride prepared by heating tetramethyl- 
ammonium fluoride, and by the reaction of potassium methyl sulphate with 
potassium fluoride. This result, which suggested the existence of a higher 
tsotope of fluorine, contrary to the findings in 1920 of Aston,’ was disputed 
by Batuecas® and by Moles**® who contended that the methyl fluoride used by 
Patterson et al. was impure. Further gas density determinations by,Cawood 
and Patterson** *? in 1935 —1936 on methyl fluoride and carbon tetrafluoride 
gave F = 18-997 and 18-995 respectively. 

Mass spectrographic determinations by Aston’*® gave 19-0045 for F on the 
physical (O*° = 16-0000) basis, equivalent to 18-9994 on the chemical basis. 
In 1937 —1938, Moles**** and Moles and Toral’® determined the gas density 
of silicon tetrafluoride and deduced F = 18-995 + 0-001, assuming the recently 
found value for silicon of 28-104 instead of the then accepted international 
value of 28-065. Keesom,*” using a different method of extrapolation to zero 
pressure for Moles’s results on the gas density of silicon tetrafluoride, 
obtained F = 18-998. 


More recently (1941—1945), determinations of the atomic weight have 
been made by Hutchinson and Johnston*®”** by the pykno-X-ray method in 
which the densities and lattice constants of lithium fluoride were compared 
with those of calcite, diamond, sodium chloride and potassium chloride. The 
weighted average value of these determinations”? is F = 18-9967 + 0-0010. 
This is significantly lower than the value of 18-9994 found by the mass 
spectrographic method by Aston (see above) and also more recently derived 
by Tollestrup, Fowler and Lauritsen?* from the energy release in several 
nuclear reactions involving fluorine. 
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THE CREMICAL PROPERTIES OF FLUORINE 


The preceding sections indicate the relatively restricted state of know- 
ledge of the chemistry of fluorine at the time when Mellor’s Comprehensive 
Treatise was written. This deficiency is most startling in dealing with the 
chemical properties, and attention must be drawn to the many contradictions 
of statements made in the main work, which are required as a result of the 
developments of the last thirty years. Well did Mellor quote Moissan’s 
étude des composés fluorés réserve encore bien des surprises. Thus 
fluorine does not inevitably react with hydrogen, a definite initiation is 
required; oxygen compounds of fluorine have been prepared; chlorine and 
fluorine do react when heated together, as do nitric oxide or nitrogen peroxide 
and fluorine. Silica does not react energetically with fluorine in the cold. 
Pure carbon does not react with fluorine at the temperatures stated, 50 — 
100°C., and the whole of the section on the reactions of fluorine with carbon 
and carbon compounds requires revision. Lastly it should be remarked that 
metals are in general not attacked by fluorine at ordinary temperatures. 

It has been pointed out by von Wartenberg’ that there has been a tendency 
to overestimate the reactivity of fluorine, and to underestimate its affinity. 
‘Fluorine develops by far the largest heat of reaction, but, contrary to a 
widespread idea, generally reacts rather slowly. When, however, reaction 
does occur it is violent owing to the high heat evolution, so that the well- 
known illusion of a high reactivity arises’. It may be of interest here to 
note some heats of reaction (all in kg.-cal.):- 


Hy tb QP + 12694 H, + 40, > H,O, + 57-8 
C+ 2F,* =>" “Cr, +231 C +O, + CO, + 94.0 
Na+ 4F, — NaF + 136-0 Na+’4Cl, — NaCl + 98-3 
Si+ 2F, — SIF, . + 370 Si+2Cl, > SiCl,+ 145-7 


sit+O, —> SiO, y + 205 
(The heats of formation of fluorine compounds have been reviewed by Wicke.”) 


Fluorine does, however, react very readily with moisture and with moist 
materials, and with organic matter generally, such as oil and grease, rubber 
and textiles. In working with fluorine, therefore, it is necessary to select 
materials outside this group, but it has been seen already that there remains 
a wide range of materials which can be used in contact with fluorine with 
safety, including most metals, ceramics, and siliceous bodies (see page 17). 
The development in recent years of fluorocarbons, of fluorochlorocarbons, and 
of polymers of such compounds as tetrafluoroethylene and chlorotrifluoro- 
ethylene, all reasonably resistant to fluorine, is increasing the range of 
materials available. Reference has already been made to patents covering 
the preparation of special materials for use in fluorine cells, and others 
have beentaken out for conditioning packing materials to make them resistant, 
by controlled treatment with fluorine,* and for making filling materials from 
mixtures of inorganic fluorides and higher fluorocarbons.* One problem 
arising in work on fluorine is the safe disposal of an excess of it, and this 
has been done by passing the fluorine into a gas burner, fed with coal gas 
Or, €.g., propane, and washing out with water and dilute caustic soda the 
hydrofluoric acid thus formed.® 

Reference has already been made to the liquefaction of fluorine and to 
the care needed in permitting materials to come into contact with the liquid. 
Cotton gave a violent explosion, whilst neoprene rubber gave but a slight 
explosion and leather only smouldered and charred.® It has been considered 
whether liquid fluorine could be used as one constituent of a fuel in rocket’ 
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propulsion.” The reaction of solid fluorine with liquid hydrogen has been 
studied® and it was found impossible to reproduce the immediate violent 
explosion reported earlier by Dewar and Moissan. Explosions did sometimes 
occur, but on other occasions even when the mixture was exposed to direct 
sunlight, there was no explosion. These experiments did not appear to 
support the suggestion which had been made (see below) that the explosions 
can be attributed to the presence of contaminant, especially organic matter. 
It was also reported that mixtures of carefully dried hydrogen and fluorine 
were non-reactive, even when exposed to ultra-violet light.® Eyring and 
Kassel confirmed this,*® and found that mixtures could be kept for half an 
hour at ordinary temperatures without explosion occurring. They considered 
that the thermal reaction by way of atoms should begin at 150 — 250° (although 
this view would require revision in the light of the lower value now accepted 
for the heat of dissociation of fluorine). But the thermal reaction certainly 
cannot occur at liquid hydrogen temperatures, unless initiated by a very active 
catalyst, static electrical discharge, or other extraneous cause. Later work 
has shown in detail how the tendency to explosion in hydrogen—fluorine mix- 
tures depends on the state of the walls of the containing vessel.** The reac- 
tion, it has been concluded, is a chain reaction involving atoms, as inthe case 
of the other halogens, and the chains are very easily broken at the wall.’” 

A welding torch using a hydrogen-fluorine flame has been described and 
its use for welding copper patented.** (A chlorine trifluoride-hydrogen torch 
and its similar use has also been described).** The temperature of the 
hydrogen-fluorine flame, with equal proportions of the constituents, has 
been estimated to be 4300°K., and the temperature as measured by the line 
reversal technique using solar radiation as source agrees with this.** It is 
interesting to note here that in a hydrocarbon-fluorine flame, ignition was 
Spontaneous with unsaturated and aromatic hydrocarbons, but not always so 
with paraffinic hydrocarbons. A slight contamination of the burner tip was, 
however, sufficient to cause apparently spontaneous ignition.*® In this 
investigation it was again found that hydrogen does not ignite spontaneously 
with fluorine. 

The action of fluorine on water and aqueous solutions has been the 
subject of extensive researches by Fichter,*’"*° and has been studied by a 
mumber of other workers.***® Thus Fichter stated that when fluorine is 
added steadily to water at 0°, hydrogen peroxide is first formed, but after 
20 minutes the concentration of peroxide diminishes and oxygen and ozone 
are evolved.’” Cady found that there was very little if any ozone, but that 
the reaction products besides hydrogen fluoride were hydrogen peroxide, 
oxygen, and the then recently characterized fluorine monoxide.** This 
has been confirmed by later workers.**1** In a recent careful study of the 
vapour phase reaction of fluorine and water in a continuous system, however, 
ozone has been identified among the products.*® In this work, excess of 
fluorine was used, with nitrogen as diluent, and at room temperature the 
reaction was slow, being incomplete in ten seconds; hydrogen fluoride, 
oxygen, ozone and hydrogen peroxide were identified among the reaction 
products, and there were also other unidentified oxidizing constituents. The 
reaction appeared to take place in two steps, the first rapid, the second slow. 

In his study of the action of fluorine on aqueous solutions, Fichter was 
at pains to show that, in general, anodic electrochemical processes in aqueous 
solution could be duplicated by purely chemical processes, and to dispel any 
idea that there was something mysterious in electrochemical oxidations ‘there 
still survives a remnant of the electrochemical mysticism which attributes to 
electrodes and to ions forces inaccessible to the ordinary chemist’.*® ‘With 
the right potential we can. produce any effect of oxidation or reduction, 
regardless of whether this potential is attained by means of electrical voltage 
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or by certain chemical reagents.’*® Using fluorine, which because of its 
high electrode potential should be capable of achieving as much as the most 
powerful electrochemical process, these ideas were developed in a series of 
general papers”° and particular contributions*” 7*"*° and there was also a con- 
tribution by N.C. Jones.*” Whilst the general idea would be accepted without 
question, the method of oxidizing: aqueous solutions with fluorine does not 
make any considerable contribution to knowledge, except to show that the 
oxidizing action is powerful. The reactions are complex, there are many side 
reactions and by-products, and these were never fully explored. Fichter 
failed to identify fluorine monoxide, which was first characterized when he 
was doing this work, and must have been formed in at least some of his 
reactions. 

In general, the treatment of aqueous solutions with fluorine produces 
per-acids and the higher valency compounds of metals, as well as hydrofluoric 
acid. A good deal of attention was paid to the behaviour of bisulphate 
solutions. Potassium persulphate was separated and identified,” ** and also 
ammonium persulphate.?* Dry potassium bisulphate gave persulphate, but 
fluorosulphonate was also formed; potassium sulphate on the other hand, in 
the absence of hydrogen fluoride, showed no reaction.** F urther study 
showed that there was a more powerful oxidizing agent present”® and it was 
found that whilst at higher temperatures (above 40°C.) the reaction could be 
written:- 


2KHSOR7 3S IS Op te ci 
at lower temperatures the reaction took a different course:- 
PESO Met) hay On erie 


Studying a range of acid concentrations from 0-5 to 18-5 molar, it was found 
that the maximum production of the new oxide was obtained in 2—3 molar 
acid: at high acid concentrations there was very little action. The sulphur 
tetroxide is unstable, and is identical with that produced by reaction between 
ozone and sulphur dioxide:?%** it is also obtained from sulphate and bisulphate 
solutions at temperatures attained by ice-salt mixtures. 

The treatment of chlorate solutions with fluorine gave perchlorates, and 
perchlorates gave hydrogen peroxide, the reaction being explained by the 
formation of per-perchloric acid, HC1O,.*? In appropriate conditions potassium 
iodate was converted by fluorine into periodate.** Sodium nitrite is oxidized 
to nitrate, and nitrate to unstable pernitrates;*? ammonium hydroxide and 
carbonate gave a complex range of compounds including nitric acids (in 
major proportions), nitrous oxide, nitrous acid, nitrogen and hydrazine.*® The 
treatment of ammonia solution with fluorine was more difficult, owing to the 
resultant flames and explosions; here nitrate ion was missing, the major 
yield being nitrite ion and nitrogen, with some hydrogen, but not much nitrous 
oxide. Phosphoric acid in the cold gave the peroxy-acids H,PO; «and Hj{P,03 
and alkali phosphates gave salts of these acids.° Borates eave perborates 
and carbonates gave percarbonates.*® The treatment of acetate solutions 
with fluorine is likened to Kolbe’s reaction; sodium acetate gave an explosive 
reaction involving the formation of diacetyl peroxide and its decomposition 
to ethane and carbon dioxide.*® Later, potassium acetate solutions con- 
taining potassium carbonate were shown to give methyl alcohol and form- 
aldehyde, the propionate similarly giving ethyl alcohol, formaldehyde, and 
ethylene.** It was possible, using fluorine, to prepare pertitanic, pervanadic 
and permolybdic acids, although here, as in many other cases, the ozone 
which is also formed reduces the per-acids so that yields are low.*”? Solu- 
tions of cerous salts were oxidized to ceric salts,** and similarly stannic, 
ferric, cobaltic,® and thallic salts were formed from salts of lower valency.”* 
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From copper salts Cu,O, was obtained while lead salts in alkaline solution 
were oxidized to plumbates.** Cobaltic sulphate crystals were obtained 
from solutions of cobaltous sulphate, and a solution of cobaltous carbonate 
in hydrofluoric acid gave a green solution said to be cobaltic fluoride.?? 
Cobaltic perchlorate was -also made from cobaltous perchlorate.** With 
fluorine silver salts gave black crystalline precipitates of a silver peroxide: 
the nitrate, sulphate, perchlorate and fluoride were investigated and the best 
yields were obtained from the nitrate in 3N solution, which gave a compound 
2Ag,0,AgNO,. From chrome alum potassium dichromate was formed, and a 
suspension of manganous fluoride gave a red solution from which, by adding 
saturated potassium chloride solution, the crystalline salt K,MnF,,H,O was 
obtained, though there was no indication of the formation of manganese tetra- 
fluoride.*° 

Fichter’? found that when fluorine acts on strong caustic potash in the 
cold, an ozonate, formulated as (KOH),O,, is formed. He failed to observe 
the formation of fluorine oxide which was discovered a little later (see be- 


low). Fluorine oxide has no acidic properties, but Dennis and Rochow 


reported** that after fluorine was passed into 50% caustic potash at ~40° there 
was an oxidizing agent present in the solution which could not be ozone or 
hydrogen peroxide, and was thought to be a hypofluorite. By electrolysis 
of potassium hydroxide=fluoride mixtures they claimed also to have isolated 


a fluorate. Cady, however, suggested that these observations could be 


attributed to the presence of chlorine, a very likely impurity in the material 
used,‘? and as this suggestion has not been rebutted, it may be regarded as 


the likeliest explanation. Thus it may be said that whilst Fichter’s report 


about the formation of potassium ozonaté may merit re-examination, there is 
no evidence for the existence of any fluorine oxy-salts of the character of 
hypofluorites or fluorates. 

At least three compounds of fluorine and oxygen appear to exist. Lebeau 
and Damiens in 1927 observed the presence of a compound which proved to 


be fluorine monoxide**® — which might better, it was suggested, be called 
oxygen fluoride,*? — in the gases from a medium temperature cell when there 
was a little water in the electrolyte. Fluorine monoxide is a colourless 
‘gas; m.p. =223-8°C., b.p. -146:5°. A little later they described how the 
‘same compound was made by the reaction of fluorine with 2% caustic soda,*° 
and this has become the usual method of production. In 1933 Ruff and 


Menzel described the action of an electric (glow) discharge on an equimole- 


cular mixture of fluorine and oxygen at reduced pressures (30—40 mm.) and 


liquid air temperature. A difluorine dioxide, F,O,, was produced® as a 
yellow solid, melting at=160° to a red liquid boiling at -57° to a brown vapour 
which dissociates to a colourless gas. This dissociation was first reported 


to give rise to a monoxide, FO, but later it was shown that only fluorine and 


\ 


and oxygen were formed; there was no evidence for the existence of a com- 
pound of formula FO.*? A third oxide, difluorine trioxide, is reported to be 
formed when a liquid mixture of fluorine and oxygen is irradiated with ultra- 


violet light.5* The same workers showed that liquid mixtures of fluorine 
monoxide and oxygen, under the influence of ultra-violet irradiation, gave 


both the other oxides and that a silent discharge in fluorine gas, in the 
presence of liquid oxygen, also gave rise to F,O, and F,0,.™ 

_ The reaction of fluorine with sulphur leads not only to the remarkably 
stable and inert sulphur hexafluoride, SF,, but also to a mixture of lower 
fluorides if the fluorine supply is restricted. Disulphur decafluoride, S,F,,, 
a liquid boiling at 29°C., was isolated in 1934.°° It is very stable, but more 
reactive than sulphur hexafluoride, since although unaffected by aqueous 
potash it is attacked by alcoholic potash. By the action of fluorine on 


_methyl mercaptan, (diluted with nitrogen, at 250°C.) trifluoromethyl sulphur 
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pentafluoride, CF,,SF,, b.p.=20°C., and difluoromethyl sulphur pentafluoride, 
CHF,,SF,, b.p. 5-1°C., are obtained.**° The former is also obtained on fluorina- 
tion, by cobalt trifluoride, of methyl mercaptan or of carbon disulphide; it is 
stable to aqueous alkali, whilst the difluoro-compound is completely hydro- 
lysed by 6N-caustic soda solution. The lower fluorides, SF,, SF,, and S,F,, 
have not been well characterised: besides being obtained as a complex 
mixture from the action of fluorine on sulphur,*”°* they have been made by 
reaction of sulphur with fluorides, (e.g. sulphur tetrafluoride from sulphur and 
cobalt trifluoride,*’ disulphur difluoride from sulphur and silver or mercurous 
fluoride®) as well as by fluorination of other sulphur halides.*” These com- 
pounds, gases boiling between ~40° and -100°C., are unstable and are readily 
hydrolyzed by water. 

Sulphuryl fluoride and thionyl fluoride have been known for many years, 
but mixed fluoro-chlorides and other fluoro-halides have been made more 
recently.°¥°? The action of fluorine on sulphur dioxide leads to sulphuryl 
fluoride, but canalso giverise to sulphur hexafluoride, and to a new compound, 
SOF,° which is also obtained by the action of fluorine on thionyl fluoride. 
It has been seen above that concentrated sulphuric acid shows little or no 
reaction with fluorine at room temperature. 

Little has been added to the knowledge of selenium and tellurium fluorides 
gained by Moissan and his school, and by Prideaux. Selenium tetrafluoride 
has been made, with the hexafluoride, by the action of fluorine on grey 
selenium, as well as from selenium dioxide and chlorine trifluoride, a reaction 
which also gives rise to selenium oxyfluoride, SeOF,.** 

The development in knowledge of fluorine derivatives of the halogens is 
even greater than with the sulphur compounds. It is remarkable that Mellor, 
in the original book, was able to report that Ruff and Zedner obtained no 
result by heating fluorine and chlorine at the temperature of the electric arc, 
as the principal developments in this field have later come from Ruff and his 
school. The formation of a chlorine fluoride on passing hydrogen chloride 
gas into liquid fluorine was first observed in 1929.°* It was then found that 
by passing fluorine and chlorine into a copper vessel at 250°C., chlorine 
monofluoride, CIF, could be obtained as an almost colourless gas condensing 
at -103° and having reactions very similar to those of fluorine itself. It was 
found that chlorine and fluorine would unite with inflammation®* and in the 
correct proportions gave a violent explosion on sparking.®® Later it was 
found that another compound, chlorine trifluoride, was obtained by heating 
fluorine and chlorine in proportion of three to one, to about 250°C.°’ This 
compound is a liquid, boiling at 12°C., which again reacts very much like 
fluorine; associates slightly at ordinary temperatures to a dimeric form,°® and 
dissociates on heating to chlorine monofluoride and fluorine.©? Bromine 
trifluoride was discovered almost simultaneously by Lebeau and by Prideaux, 
in 1906, but Ruff was able to show, in 1931, that further reaction occurred 
between the trifluoride and fluorine to give bromine pentafluoride, b.p. 40°C 
which is also produced directly by interaction of bromine and fluorine in the 
correct proportions.’° Bromine monofluoride, b.p. 20°C., is formed when 
equimolecular proportions of bromine and fluorine react, or preferably when 
excess of bromine reacts with the trifluoride or pentafluoride.” This com- 
pound very readily disproportionates into bromine and higher fluorides, and 
all the bromine fluorides are, like the chlorine fluorides, very vigorous 
fluorinating agents. The chemistry of solutions in bromine trifluoride, an 
ionizing solvent, has been actively studied by Emeleus and his school (see 
below). Iodine pentafluoride reacts with further fluorine to give the hepta- 
fluoride, which sublimes at 4-5°C.” and in fact is found to occur in the 
pentafluoride as normally prepared. 

A new class of oxyfluorides has also quite recently been discovered. 
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Reaction between chlorine dioxide and fluorine is explosive but when they 
are mixed with a large excess of air a controlled reaction occurs giving 
rise to chlorine dioxymonofluoride, C1O,F, b.p.-6°.7* The controlled reaction 
of fluorine with concentrated perchloric acid gives ClO,F, which was named 
fluorine perchlorate, other products, including fluorine monoxide, being also 
formed. This compound boils at -16°, and is highly reactive.7* The corres- 
ponding iodine compound, IO,F, could not be prepared, but the action of 
fluorine on periodic acid gives rise to many products, including oxygen 
fluoride and iodine pentafluoride.’* Reaction of fluorine containing oxygen 
with iodine, or partial hydrolysis of iodine pentafluoride, or addition of iodine 
pentoxide to the pentafluoride, produces the compound IOF;,’° m.p. 9-6°C., 
b.p. 98°.77 A compound of the formula ClO,F is said to be formed by the 
action of fluorine on chlorates.”® 

Mellor referred to the failure to obtain nitrogen-fluorine compounds, and 
mentioned the formation of a nitryl fluoride, NO,F, b.p. above 80°. This 
identification must have been erroneous, for no compounds of this type have 
so high a boiling point. Ruff says Moissan’s results here prove to be ‘not 
quite right’.”” Whilst no reaction between nitrogen and fluorine has been 
‘reported, nitrogen trifluoride, b.p. -129°, has been obtained by the action 
of fluorine on ammonia® although only in low yield. This compound was, 
however, first made by Ruff, in 1928, by electrolyzing fused ammonium 
bifluoride at 125°, using a graphite anode.** The preparation is difficult, 
and there are many by-products, including, it is suggested, mono- and di- 
fluoroamine, NH,F and NHF,, which however were not isolated or character- 
ized. This is an interesting early example of electrolytic fluorination, a 
process which, as applied to carbon compounds, has been developed by 
Simons.*? It should be noted that by this process a whole series of fluorine- 
substituted primary and secondary amines, containing the groups -NF, and 
2NF, have been prepared. All these compounds are stable and inert; the 
fluorine is not hydrolyzable. By the action of fluorine on silver cyanide,® 
or on cyanogen, ** compounds such as CF:NF, and polymers of this, and also 
CF,.NF,, have been prepared. By the action of fluorine, diluted with nitrogen, 
on hydrazoic acid, fluorine azide has been prepared.** This interesting 
compound, a greenish yellow gas, b.p. -82°, is extremely unstable, and very 
easily decomposes explosively. It decomposes slowly into-difluoro-diazine, 
F-N=N-F, a stable colourless gas condensing to a solid at about -100°C. 
This compound is not hydrolyzed by water. There was a suggestion that a 
solid, obtained in small yield in the decomposition of fluorine azide, might 
be trifluorocyclotriazine. Tetrafluorohydrazine, N,F,, has not been reported, 
but it may be expected to be a moderately stable compound. 

Among the oxyfluorides of nitrogen, nitrosyl fluoride and nitryl fluoride, 
NOF and NO,F, are readily made by the action of fluorine on nitric oxide and 
‘nitrogen dioxide respectively.”? The reaction proceeds smoothly at tem- 
peratures just above the melting points of the oxides.°* Fluorine gas in 
small concentrations (0-5%) is reported to inhibit the formation of nitric oxide © 
when air is submitted to the electric arc or silent discharge.°® The fluorina- 
tion of concentrated nitric acid produces fluorine nitrate, NC,F.°’ It may be 
noted that the boiling point of nitryl fluoride, -72-4°, is lower than that of 
nitrosyl fluoride, -60°, whilst fluorine nitrate boils at a rather higher tem- 
perature -46°. These compounds are hydrolyzed by water. The formation 
of fluorine perchlorate, of fluorine nitrate, and, as will be seen below, of the 
compound CF,.OF (by the action of fluorine on fluorophosgene) indicates the 
stability of the -O-F linkage, which is much greater than that of the cor- 
responding -O-Cl linkage; it can hardly be called by analogy a hypofluorite , 
although the compound CF,OF was named trifluoromethyl hypofluorite by 
its discoverers. The formation of this:compound by addition of fluorine to 
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ketonic oxygen,”® 
F 
C0 eB, Foe F5C-0-F 
F 
is curiously similar to the hydrogen reduction of such a bond. These re- 
actions may be more general than these few cases indicate. 

The reaction of fluorine with non-metallic elements other than carbon has 
been little studied. An attempt was made to determine the minimum fluorine 
concentration required to start rapid combustion of red phosphorus but very 
variable figures were obtained.*® Some interest has been taken commercially 
in fluorophosphoric acids in recent years*° and also in applications of boron 
trifluoride and its derivatives. 

Developments in the carbon-fluorine field have been very considerable: 
there was indeed little to be said on this subject in the original work and 
many. statements then made have proved to be in error. Any variety of carbon 
only becomes incandescent in fluorine because of its content of impurities, 
of hydrocarbons, or of moisture, etc. When thoroughly calcined to drive off 
combined hydrogen and adsorbed moisture, carbon does not react with pure 
fluorine at ordinary temperatures. The formation of carbon monofluoride, of 
tetracarbon monofluoride, and of ‘graphite bifluoride’, has been referred to 
above under the Preparation of Fluorine and will be dealt with in more detail 
later. At temperatures below 500°C. only these solid intercalation compounds 
are formed, but about this temperature a mixed reaction occurs; carbon mono- 
fluoride may. be an intermediate compound, but tends to decompose to gaseous 
fluorocarbons as the temperature approaches 500°C. In these circumstances, 
and in presence of excess of fluorine, the conditions exist for a very rapid 
reaction to convert all the carbon to gaseous fluorocarbons, and this may 
proceed with explosive violence. Hence explosions often occur when 
fluorine reacts with carbon at temperatures a little above 500°C. At higher 
temperatures the reaction proceeds smoothly to form not only carbon tetra- 
fluoride but alsodiminishing quantities of higher fluorocarbons, i.e. compounds 
of carbon and fluorine analogous to saturated hydrocarbons. The first 
fluorocarbons were made in this way, but a more extensive range has been 
produced by fluorination of hydrocarbons, either with elementary fluorine 
directly, or by solid active fluorine carriers such as cobalt trifluoride, or by 
electrolytic fluorination. Indirect means have also been employed, such as 
replacement of other halogens by reaction with hydrogen fluoride or other 
fluorine exchange reagents, especially antimony fluorides. In the latter 
case it is rarely that a pure fluorocarbon is obtained, the product is more 
usually a ‘mixed’ compound, such as difluorodichloromethane, or benzotri- 
fluoride, or difluorochloromethane, which on pyrolysis gives tetrafluoroethy- 
lene, which on polymerization gives a polymer having remarkable properties. 
It is clear that parallel to the hydrocarbons there exists an equally large 
number of fluorocarbons, and parallel to the field of organic compounds there 
exists a field of compounds based on fluorocarbon skeletons. Although 
organic chemistry is often defined as the chemistry of the compounds of 
carbon, it may be doubted whether it is proper to include in organic chemistry 
the field of what may be called ‘fluorocarbon chemistry’, many though the 
contacts may be. Fluorocarbons and their derivatives are therefore here 
dealt with in a separate section. 

Turning now to the reactions of fluorine with metals and metal compounds, 
the general behaviour of commonconstructional materials has been considered 
in the section on fluorine preparation, especially with regard to materials 
particularly suited for use with fluorine at temperatures above the ordinary 
(see page 62). There is no great difficulty in finding metals reasonably resist- 
antto fluorine, although all metals will react at sufficiently high temperatures, 
even in massive form, and at lower temperatures when the metal is sufficiently 
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finely divided. Thus Japanese workers have said that platinum, gold, mag- 
nesium, nickel, copper and monel metal show good resistance to fluorine, 
as also does bakelite.** There have been many contributions, mainly by 
American authors, since the war, on the resistance of materials to fluorine, 
as well as information, given incidentally, in accounts of fluorine production 
already referred to. Table VIII gives quantitattve measurements of the 
corrosion rate of some more resistant metals at elevated temperatures. 


TABLE VIII— CORROSION RATES IN FLUORINE 
PENETRATION, IN THOUSANDTHS OF AN INCH PER MONTH 


Temperature, °C. 


Nickel 
Monel (70:30 Ni:Cu) 


Inconel (18:14:6 Ni:Cr: Fe) 
Copper, deoxidised 


Aluminium, ome 
. pure 


The upper figures are given by Landau and Rosen;** the lower figures in 


parentheses given by Myres and DeLong®® are generally i in agreement. 


TABLE IX— CORROSION RATES IN FLUORINE 
PENETRATION, IN INCHES PER gia 


007 [400° 
Armco iron (pure iron) ° A ; ; 
Sheet steel (Si—trace) 


(Si —0-07%) 
(Si —0-007%) 


(Si—0-18%) 
(Si— 0-22%) 
Music wire (Si—0-13%) 


Stainless steels %Cr %Ni 
14—18 — 
18 10 
20 12 
25 20. 


Table IX gives corrosion rates of ferrous alloys at lower temperatures 
reported by the same authors. It is suggested that low silicon content con- 
tributes to the corrosion resistance of steels: the slight influence of chromium 
and the beneficial influence of nickel are to be noted. The corrosion of 
‘magnesium alloy (10% Al) was negligible up to 300°C.* The uses of alu- 
minium and magnesium alloys are likely to be restricted rather by inadequacy 
of mechanical properties at higher temperatures, than by any loss of corrosion 
resistance. In anhydrous hydrogen fluoride, corrosion rates, except tor 
aluminium, were very much less: for nickel the rate was only one tenth of 
the above, and copper, monel and incone | gave similar figures: the corrosion 
of ferrous materials was also much less.® 
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Landau and Rosen also referred to the high resistance of B-alumina, 
and of calcium fluoride cement.”? In other contributions, authors recognize 
the high value of nickel and nickel-copper alloys, and of steel at temperatures 
up to 250°C. Lead is not very satisfactory, and stainless steel, which 
shows pitting, is to be avoided.** Tantalum reacts with fluorine and is not 
recommended.*® This presumably must be related to the high volatility of 
tantalum pentafluoride, as the corrosion resistance of other metals is usually 
attributed to the formation of fluoride films. For the same reason — volatility 
of the corrosion product — platinum is unsatisfactory for high temperature 
work.°© In equipment for handling fluorine under high pressure nickel is 
mainly used,®”? though steel cylinders are used for its transport at 400 1b./ 
Sqrinse 

Though reference has been made (see page 15) to one case in which it: 
is claimed that oxygen will displace fluorine, fluorine will in general tend to 
displace all other non-metallic elements frem their compounds. The ease 
with which this displacement occurs, however, varies appreciably. With 
halides, the displacement occurs readily and at ordinary temperatures or a 
little higher, as will be seen in examples below. With oxides the displace- 
ment does not occur nearly so readily, a fact related, perhaps, to the lower 
energy of chlorine, bromine and iodine bonds as compared with oxygen bonds, 
though another factor must be the readiness with which all the halogens form 
compounds with fluorine, having positive heats of formation, thus tending to 
reduce the equilibrium pressure of halogen X in the general reaction, 


2MX 4 F, ° >) OME +e 


and so increase the tendency for the reaction to proceed. Thus, as an 
example of the resistance of oxides toattack, the value of alumina in vessels 
for handling fluorine at high temperatures has been stressed: yet we can 
write , 


Al,O, + 3F, > 2AlF, + 1-50, + 237kg.-cal. 


Glasses also, though attacked by hydrogen fluoride, are less readily attacked 
by fluorine, and Rudge reports that provided stringent precautions have been 
taken to remove hydrogen fluoride, soft soda glass may be heated in fluorine 
to at least 150°, borosilicate glass to 200°, and silica to 250°, without any 
visible sign of corrosion occurring; and that these materials are quite usable 
for limited periods at appreciably higher temperatures if a certain amount of 
etching can be tolerated.°® Oxysalts vary in their susceptibility to attack; 
it has already been seen that potassium nitrate is attacked to give fluorine 
nitrate — and presumably potassium fluoride — and that potassium bisulphate 
is attacked whilst the sulphate is not. In general, as might be expected, 
lower fluorides are converted into higher fluorides by the action of fluorine. 

The action of fluorine on alkali metal halides has been proposed as a 
ready means of determining fluorine in connection with current efficiency 
measurements, and using potassium chloride or calcium chloride this action 
may serve also to dispose of unwanted fluorine, the displaced chlorine being 
absorbed e.g. in caustic soda.** Only recently has any attention been paid 
to the solid product formed by the action of fluorine on alkali fluorides.”® 
With potassium, rubidium or caesium chloride as starting material, the fluoride 
first formed is pseudomorphic with the chloride, and further fluorine can 
readily be taken up by this pseudomorph giving higher compounds; potassium 
giving KF,, caesium CsF,, and rubidium either RbF, or RbF,. These conm- 
pounds are diamagnetic and strongly oxidising, but the caesium compound 
does not decompose below 300°C. Mixtures of an alkali halide and anhydrous 
nickel chloride give compounds of the type M,(NiF,). Mixtures of alkali 
halides and, e.g., antimony oxide give more stable perfluorides. Interest 
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was aroused in 1933 when the new argentic fluoride AgF, was reported to be 
obtained by the action of fluorine on silver.*? The discovery was quickly 
confirmed by a disappointed man who had made the compound and failed to 
identify it.*°° Ruff showed that fluorine attacks silver halides to give the 
difluoride.*°* The same compound was also obtained from silver oxide and 
fluorine.*°? Silver cyanide reacts with pure fluorine at ordinary temperatures 
with explosive violence, but by reducing the concentration of fluorine (by 
reducing the pressure) and diluting the cyanide with fluorspar, the reaction 
can be controlled, and compounds of fluorine with nitrogen and carbon are 
obtained as well as silver difluoride.** The fluorination of a molten mixture 
of silver mono- and difluoride, or of molten mixtures of silver fluoride with 
the fluoride of mercury, cobalt or manganese, for use in making fluorocarbons, 
thas been patented,*** as has also the use of silver difluoride for liquid or 
vapour phase fluorinations.** The action of fluorine on copper does not 

give any higher fluoride than the cupric salt, CuF,:*° Ruff commented that 
even with finely divided copper, the stability to fluorine is noteworthy even 
up to 350°C. A little chlorine added to the fluorine accelerates the reaction 
greatly. On massive copper a layer of white cupric fluoride is formed over 
cuprous fluoride. At red heat, cupric fluoride is volatile, and although 
Moissan thought that the vapour reacts with fluorine to give a perfluoride, it 
was not possible to confirm this even up to 680° in the calcium fluoride 
vessel used.*% A mixture of potassium chloride and cupric chloride in 
molecular proportion of 3:1 when gently heated in fluorine gives a green 
compound having the formula K,CuF,;*°* this is evidently comparable with the 
alkali metal perfluorides referred to above. Mercury reacts with fluorine, 
and this reaction has been used in the analysis of fluorine from cells (see 
page 17). Mercuric cyanide when gently heated reacts vigorously with 
fluorine, burning with a flame®* mainly to form carbon tetrafluoride, nitrogen 
and mercuric fluoride. 

The resistance of aluminium oxide to attack by fluorine has already been 
described. Ruff, in contrasting the attack on aluminium by chlorine mono- 
fluorine and by fluorine, says that aluminium burns more rapidly in the former, 
but does not state the conditions. The fluorides of gallium, indium and 
thallium have been made with fluorine.*°® Gallium oxide reacted, sometimes 
at room temperature, more usually at about 200°C., but the reaction was 
_ incomplete, and even at 600—650°, some 5% of oxide remained unchanged, 
The hydroxide behaved similarly, and the sulphide was not greatly attacked. 
The chloride does not seem to have been tried, but the preferred method of 
preparation was to precipitate ammonium gallium fluoride, (NH,),GaF,, and 
calcine it in a stream of fluorine. Indium fluoride was readily made on gently 
warming the oxide in fluorine, but it was necessary to heat to 500° for several 
hours to complete the reaction; the route via ammonium indium fluoride was 
also used. The reaction of thallium oxide with fluorine began at room ten 
perature and was completed on gentle heating. Thallous chloride reacted 
violently with fluorine and the product melted. | 

Lead difluoride reacts so vigorously with fluorine at 250°C. that the 
product is fused and the reaction is incomplete, but by diluting the fluorine 
with an equal volume of carbon dioxide, the reaction can be controlled.* 
Evidence that the difluoride has but a small partial pressure of fluorine 
at 600°C. was confirmed by an estimate of the heat of reaction:- 


Rb Fe totus Fao so PibP y+ -63 kg.-cal. 


Though the question whether lead tetrafluoride can give fluorine by thermal 
dissociation has been discussed earlier under ‘Preparation’, it may here be 
noted that the production of lead tetrafluoride has been described, and its 
use inthe fluorination of organic compounds claimed, in a series of patents.*°” 
The reaction of cerium oxide with fluorine does not readily go to completion, 
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and some oxygen is retained, but cerium trichloride reacts at room temperature 
with fluorine, and the final product is the tetrafluoride, CeF,.'°%'° This 
product was believed to be pseudomorphous with the chloride, because of the 
low density.*°® It was not possible to prepare tetrafluorides of praseodymium 
or neodymium in a similar manner. The production of cerium tetrafluoride by 
the action of fluorine on the trifluoride (obtained by reaction between the 
trichloride and hydrogen fluoride) and the use of the tetrafluoride as a fluorin- 
ating agent for organic compounds have been patented.*® Bismuth penta- 
fluoride has been made from the trifluoride and fluorine.’ 

Considering the elements of Group VI, the fluorides of uranium are of 
special interest and importance. The fact that the hexafluoride was the only 
compound of uranium volatile ata reasonable temperature led to its use in the 
diffusion process for separating U***F, from U?**F,, and because it, like many 
higher fluorides, was a powerful fluorinating agent, there arose a demand for 
fluorocarbons for the wartime Manhattan Project. The production of the 
hexafluoride from fluorine and uranium tetrafluoride as well as by other reac- 
tions such as the action of fluorine on uranium oxide or uranyl fluoride has 
been described.“*° In Germany it has been made by the action of fluorine on 
uranium oxide, U,O,.°*** Whilst molybdenum, tungsten and uranium form 
hexafluorides, as do sulphur, selenium and tellurium, no chromium hexa- 
fluoride has been prepared. Von Wartenberg found that the highest fluoride 
obtained in the fluorination of chromic chloride or fluoride, CrCl, or CrFy, 
was a pentafluoride. A tetrafluoride was readily obtained also, especially 
when finely divided metal was fluorinated; though from the metal it was not 
possible to obtain the pentafluoride. From chromic acid, CrO,, in a stream 
of fluorine at 50—100°C., some pentafluoride was obtained, whilst chromyl 
chloride and fluorine readily gave chromyl fluoride, even with a flame at 
appropriate concentrations.*** It is noteworthy that in the production of 
fluorides by an autoclave reaction between chlorine trifluoride and metals, 
chromium does not readily react.** Certain anomalous results in an attempt 
to determine the electron affinity of fluorine by heating a tungsten filament 
in fluorine were explained by suggesting that a very stable adsorbed layer of 
fluorine on tungsten was. retained even at 2600°K.*** Rhenium readily reacts 
with fluorine at 125°C. to give the hexafluoride, ReF,"* while rhenium 
oxide and potassium per-rhenate yield two oxyfluorides, ReEOF, and ReO,F,.*** 
Manganese oxides, MnO and Mn,O,, react with fluorine and even when this 
gas is diluted with nitrogen the reaction is vigorous below 100°C., giving 
rise to manganese trifluoride, MnF,;and potassium permanganate reacts at 
150° to give the same product.*** This is the highest fluoride of manganese 
which has been reported, and thus the behaviour of manganese, like that of 
chromium, is anomalous in that these elements do not exhibit their highest 
valency in thei fluorides. The decomposition of manganese trifluoride has 
already been reviewed (see page 16); the production of the trifluoride from 
the difluoride and fluorine and its use in fluorination of organic compounds 
have been described in patents.**?® 

Ferric chloride reacts with fluorine to give a mixture of ferric and ferrous 
fluorides**’ and when the salt is mixed with potassium chloride it yields only 
K,FeF and nohigher fluoride.*°* Cobaltic fluoride has aroused much interest, 
especially with regard to the possibility of obtaining fluorine from it by 
heating (see page 16). It is readily obtained from the difluoride or dichloride 
and fluorine,*? and gives up one atom of fluorine to reducing substances; 
e.g. when mixed with sulphur it gives the lower fluorides of sulphur®? and on 
gently warming a mixture of cobaltic fluoride with silicon, the whole mass 
glows red. Its use as a fluorinating agent for organic compounds has been 
patented,*%1#® 

A mixture of potassium chloride (3 mol.) and cobalt chloride (1 mol.) 
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when gently heated in fluorine gives a blue salt K,CoF,.*°* Nickel chloride 
and potassium chloride, mixed in the molecular proportion 1:2, give in the 
same circumstances the red salt K,NiF,, but nickel chloride and fluorine 
alone give only the salt of bivalent nickel, NiF,. There is little evidence 
for the existence of higher nickel fluorides, but it has been reported that the 
salt K,NiF, occurs in the sludge of fluorine cells using nickel anodes.*?* 
Among “the fluorides of the noble metals®*»**7 rhodium trifluoride is obtained 
on gently heating the chloride in fluorine, and the higher fluorides RhF, and 
RhF, are produced on heating the metal or its chloride or fluoride in fluorine 
at 500°; palladous chloride with fluorine gives the trifluoride. Reference 
has already been made. to the formation and decomposition of platinum tetra- 
fluoride (see page 16) and the formation of this compound at temperatures of 
the order of 400°C. has been seen to limit the value of platinum for use in 
fluorine (see page 17). Iridium hexafluoride, IrF,, is obtained on heating 
powdered iridium in fluorine at 260°C.1?° 

Arising from a suggestion that combination of argon and krypton with 
both chlorine and bromine had been observed under the influence of an elec- 
‘tric discharge on the mixed gases, similar experiments were made with fluorine 
and the inert gases. Ruff and Menzel’ failed to find any evidence of com- 
pound formation, but von Antropoff, author of the original observations, 
considering that the conditions differed from those in his experiments’ 
expressed an intention to repeat the experiments with fluorine. There has, 
however, been no further report, and it may be concluded that no evidence of 
compound formation has been obtained. 
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THE ADDITIVE PROPERTIES OF FLUORINE 
AND ITS COMPOUNDS 


The substitution in organic compounds of hydrogen or chlorine by fluorine, 
particularly poly-substitution, usually brings about remarkable changes in the 
properties, both physical and chemical. In consequence, many investigations 
of the physical properties of fluorine compounds have been made, especially 
with the object of discovering general relationships between properties and 
constitution. 

The contribution a the fluorine atom to the molecular volume in its com- 
pounds is given as 9—10 cc. Consideration? of the data for boron trifluoride 
and iridium hexafluoride according to van Laar’s theory of the equation of 
state of gases and liquids, leads to values for the fluorine atom in }b, and 
va, of 31 x 10°5 and 2-0 x 10°? respectively. 

Allen and Sugden* deduced 25 for the parachor equivalent of fluorine but 
Desreux* showed that the value varied according to the type of compound, e.g. 
aliphatic or aromatic, mono- or poly-substituted, from whose properties it was 
derived. More recently, Vogel et al.,* using a system of bond, instead of 
atom, equivalents, gave a preliminary value of 28-2 for the C-F bond. Con- 
sideration has also been given® to the atomic contribution of fluorine to the 
thermochor, a modified parachor function given by V5* T%, where V is the 
molecular volume at the boiling point, T. 

Swarts’ assigned 0-97 to the atomic refraction of fluorine for the Na, line 
but pointed out that the value varied with the type of compound, as was also 
found by later investigators.* The method of derivation of an average value 
of 0-997, deduced’ from measurements ou 30 liquid aromatic fluorine com- 
pounds, was criticized.*° Determination in recent years of the refractive 
indices of a large number of fluorine compounds, mostly poly-substituted, 
has established that the atomic refraction of fluorine increases markedly 
with the degree of substitution. The currently accepted values*? are as 
follows:- } 


No. of F'atoms/molecule 1 2 3 4 5 Perfluoro-compounds ~ 
ARP 0-95 099 102 1.08 1-14 1-23 


Refractivity has also been treated’? as additive of contributions due to 
electron groups, both shared and unshared, in the molecule. Using this 
system, the contributions of the following bonds involving fluorine have been 
given: :=i3 

C-F, 1-60; S-F, 1-95; Se-F, 2-23; Te-F, 2-47. 


Vogel et al.,* also using a system of bond equivalents, gave 1-44 for the 
refraction equivalent and 28-27 for the refraction coefficient of the C~F bond. 
These are preliminary values based on determinations for a few aliphatic and 
aromatic monofluorides. 

Audsley and Goss,’* using data derived from determinations of refractive 
index,*® and dielectric constant, found that the contribution of the fluorine 
atom to distortion polarization (Pas a? in compounds of both the types RX 
and CX, was 0-9. 

Pascal"’ gave the atomic magnetic susceptibility of fluorine as 63-64 x 
10-’ while the magnetic rotativity, calculated from that of difluorodichloro- 
methane, has been given as.0s5 5% Ones 

It Aes been shown’? that the function b = Mlog,,T + 8:0 VM, where M is 
the molecular weight of a compound and Tits boiling point (in°K), is additive, 
the contribution of F being given as 68; C, 23-2; H, 10-9; Cl, 121-0; etc. The 
function @ = 100 VM/ pj, where M is the molecular weight and PI, the critical 
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pressure (in atm.), has also been found”® to be additive, being given by 33 + 
> atomic contributions. The atomic contribution for F is 23; for H, 0; for C, 
oo. ror-Cl. 32: etc. 

Turning now to the fluoride ion, considerable attention has been devoted 
to its thermochemical properties. The proton affinity, i.e. the heat of the 
reaction 


H* (gas) + F (gas) —> HF (gas) 


has been given as 361—368 kg.-cal.** The heat of hydration has been 
calculated” and found to be 118 kg.-cal./g. ion, relative to K" = 74 kg.-cal., 
and this value fits on the smooth curve obtained when the heats of hydration 
of univalent ions are plotted against the ‘thermochemical radius’ defined by 
Kapustinskii.** A ‘crystallochemical electronegativity’, alternative to Paul- 
ing’s thermochemical electronegativity, has been proposed by this author.™ 
This is derived from the lattice energies of solid crystalline salts, the 
energies of the gaseous ions being assumed to be additive. The crystallo- 
chemical electronegativity of the fluoride ion is fixed by convention as 1, 
examples of values for other ions being:- 


H, 1-8; Na’, 1586p 0K 2014-850 Gad 18s: ,CLs 2eaeBe A 2.3. 


Kapustinskii’s more refined method of calculating lattice energies has been 
_shown”* to offer no advantage over the simpler method. The standard entropy 
of the fluoride ion in the crystalline state has been calculated?® and the 
value related to that of other ions according to the ionic. charge and size. 

The radius of the fluoride ion in solid crystals has been recalculated?’ 
from X-ray measurements and given as 1-13A. The volume of the fluoride 
ion has been estimated from the densities of fluorides at ordinary tempera- 
tures”* and at their melting points.7® The apparent volume of the fluoride ion 
at infinite dilution in aqueous solution has been estimated*® tobe = 1¢8c.c./ 
equivalent, i.e. the hydrated ion occupies this much less space than the 
water of solvation when free. Attention has also been given to both the 
-structural** and energetic aspects** of the hydration of the fluoride ion, while 
solvation in non-aqueous solvents such as alcohols, acetone, acetonitrile 
and benzonitrile has also been considered.** Of properties related to the 
size and solvation of the ion, the specific viscosity contribution of the 
fluoride ion in 0-1N. aqueous solution has been given** as 0-0162. The 
transference velocity of the fluoride ion in aqueous solution at 18°C. has 
been determined,*® while the ionic mobilities of fluorine at infinite dilution 
in water and in methanol at 25°C. have been found*® to be 54-4 and 40-2 ohms 
respectively. 

Wasastjerna’7 calculated from his determinations of the refractive indices 
of fluoride solutions*® a value of 2-20 for the refractivity contributions of the 
fluoride ion, though Fajans and Joos*® gave a value of 2-5. The value of 
afr*, where a is the polarizability and r the radius of the fluoride ion, has 
been given*® as 0-33 x 10°%* (C1,0-51; Br, 0-56; I, 0-62). 

The magnetic susceptibility contribution, x 10°, of the ‘gaseous’ fluoride 
ion is given variously as 12-2,4! 94,4? 12,** and 9-2,** while in aqueous 
solution the value is given as 13-0.** 

Some attention. has been given to the colloidal properties of the fluoride 
ion. Freundlich*® regarded it as being at the extreme end of the Hofmeister 
anion series as judged by its effects on the coagulation of sols, on surface 
properties and on the solubility of highly soluble substances. In its effect 
on the coagulation of various hydroxide sols, the fluoride ion behaves as a 
bivalent anion, F, *® A similar conclusion was reached from a study*’ of 
the properties of ferric oxide sols prepared in presence of sodium fluoride. 
The adsorption of fluoride ions by sugar charcoal from potassium fluoride and 
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from hydrofluoric acid solutions has been studied*® and compared with that of 
chloride ions from the corresponding chloride solutions. 
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SECTION III. 
THE PREPARATION OF HYDROFLUORIC ACID. 
By H.R. LEECH 


The nomenclature of chemistry grows by aconstant series of compromises: 
on the one hand logical systems are proposed, whilst on the other hand the 
chemical worker, developing that familiarity which breeds contempt, frequently 
takes short cuts through the system. A case in point is the compound with 
which we must now concern ourselves. The pure compound is hydrogen 
fluoride: and its aqueous solution is hydrofluoric acid. But at what water 
content does the one become the other? The question is not academic; acid 
of 60% hydrogen fluoride content is an article of commerce. In making the 
anhydrous material, intermediate products contain 80%, 95%, and 99% of 
hydrogen fluoride; which of these grades ceases to deserve the name of acid? 
In many other cases, no distinction of this kind is drawn: thus in the case 
of sulphuric acid, for example, at no concentration is the name ‘hydrogen 
sulphate’ applied. The term hydrofluoric acid will therefore be used gene- 
rally, and the compound will be described as ‘anhydrous’ when it is considered 
that the term is justified and that no confusion can arise. It may, perhaps, 
be pointed out that whilst Mellor acknowledged a distinction between ‘hydro- 
gen fluoride’ and ‘ hydrofluoric acid’ he generally uses the term ‘anhydrous 
hydrofluoric acid’. | 

Whilst Mellor originally said that hydrogen fluoride rarely occurs free in 
nature, it is probable that this statement requires modification. The presence 
of this compound in volcanic exhalations and in fumaroles seems to be very 
general, as has already been remarked (see page 3), and the escape of 
hydrofluoric acid inthis way is an integral part of the fluorine cycle in nature. 


FORMATION OF HF 


The reaction of fluorine with hydrogen to give hydrofluoric acid has 
already been considered (see page 54), as also has the reaction of fluorine 
with water (page 55). The reaction of fluorine, or of active fluorides such 
as cobalt trifluoride, with hydrocarbons, to give fluorocarbons, has been 
given much attention in recent years, and in this reaction hydrofluoric acid 
is a by-product (see page 198). The principal chemical process in which 
hydrofluoric acid is a by-product is the working up of phosphate rock, mainly 
to superphosphate. It has been shown that most rock phosphates used in the 
U.S.A., for example, contain 3 —4% of combined fluorine, and that in treating 
them with sulphuric acid in the usual superphosphate process, a proportion 
of this, varying between 11 and 42%, is volatilized, the average being between 
20 and 30%. This may escape partly as hydrogen fluoride, partly as silicon 
tetrafluoride, owing to the presence of siliceous impurities; and some of it is 
recovered as hydrofluosilicic acid. In furnace processes for phosphorus 
production, between 10 and 30% of the fluorine in the phosphate rock may be 
volatilized.* 

The formation of hydrogen fluoride by the reaction of hydrogen with metal 
fluorides has been used as a preparative method, using silver fluoride, more 
particularly to make deuterium fluoride, (see page 86). The general reaction 
has been studied by Jellinek and Rudat.? The hydrogen fluoride content of 
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hydrogen passed over a number of fluorides at various temperatures, and at 
various flow rates, was determined using a copper reactor; the results were 
extrapolated to give the hydrogen fluoride content at zero flow rate, which 
would be the equilibrium concentration. 

The equilibrium content of hydrofluoric acid thus derived for different 
fluorides is given in Table I, as percentage by volume — all the experiments 
being at a total pressure of 1 atmosphere. 


TABLE I.- REDUCTION OF FLUORIDES BY HYDROGEN. 
iia wapeses PERCENTAGE OF HF AT DIFFERENT TEMPERATURES. 


Fer, (to Fe) 
CoF, 
cdr, 


CrF; (to CrF) 


From the equilibrium constants calculated from these data, and a know- 
ledge of the thermochemistry of hydrofluoric acid itself, it is possible to 
calculate the partial pressure of fluorine over these fluorides, when heated 
alone, owing to decomposition: the values are, of course, extreme ly small, 
ranging from 10°*° atm. over ZnF, at 800° to 10°? atm. over CoF, at 300°C. 
From the slope of the logp - /T curves, the heats of formation: a the fluor- 
ides were calculated. (Table III). 

A somewhat similar series of experiments has been carried out on the 
reaction of a number of metal fluorides with water vapour*®, the water vapour 
flow rate being varied and equilibrium conditions calculated by extrapolation 
to zero flow. 

The equilibrium concentrations of hydrofluoric acid are given in Table II, 
-again for a total pressure of one atmosphere. 


TABLE II. - REACTION OF FLUORIDES WITH WATER VAPOUR. 
EQUILIBRIUM PERCENTAGE OF HE AT DIFFERENT TEMPERATURES. 


200 | 300 cEY 400 | 450} 500 550 600 | 650 | '700 | 750 ; 800 


The heats of formation of the fluorides were calculated, and the results 
are given in Table IH, together with the calorimetric values obtained by 
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von Wartenberg, and the values calculated by Jellinek and Rudat from the 
hydrogen reduction, for comparison. The agreement in general is reasonably 
good. 


TABLE III.- HEATS OF FORMATION OF FLUORIDES, kg.-cal. 


In the table below, the second column gives the calculated value of the heat 
evolved in the steam reaction, the third the known heat of formation of the 
oxide, the fourth the value calculated from these for the heat of formation of 
the fluoride. The determined values, from von Wartenberg’s work, are then given 
in the fifth column, and finally the values calculated in the work of Jellinek 
and Rudat on hydrogen reduction. 


Steam ; Fluoride 
[Compound | istiton| Oxtde [cate 


140-4 aq. 
264-3 
289-4 
277-9 
193-0 aq. 


173-7 aq. 
156-0 
(283-0+a)*aq. 
243-1 aq. 
172-8 aq. 
171-4 aq. 


* a is the heat of hydration of Cr,O,, not known. 


It is worth noting that this investigation was begun because in using 
fluorspar porcelain as described by Damiens, it was found to give a slightly 
alkaline reaction with water, reaction having occurred with atmospheric 
moisture. Copper fluoride was difficult to make by the action of fluorine on 
copper, even when the metal was finely divided and heated at 400°C. Copper 
carbonate was heated with anhydrous hydrofluoric acid at temperatures 
finally reaching 400°C. Silver fluoride was made by dissolving the carbonate 
in aqueous acid, evaporating to dryness in the dark, redissolving, filtering 
in platinum and evaporating again. On heating with steam, metallic silver 
was obtained, so that. no useful result can be recorded. Manganous and 
ferrous fluorides, on the other hand, gave the sesquitoxides, M,O,, and again 
the results were inapplicable. 


PRODUCTION. 


Both aqueous and anhydrous hydrofluoric acid can be purchased freely 
nowadays; the latter is contained in steel pressure cylinders as the compound 
must be treated as a liquefied gas. 

A neat and simple method of making a small amount of aqueous acid inthe 
laboratory has been described.* A piece of lead pipe is bent roughly to the 
shape of a retort, and the shorter limb is closed by hammering the end flat. 
The requisite amounts of fluorspar and sulphuric acid are then introduced 
through a paper cone and a filter funnel, and on heating the distillate is 
collected in a paraffin-wax coated glass bottle cooled in ice. 

The preparation of hydrofluoric acid has been reviewed, and methods of 
purification of reagent quality acid described.°® 

The production of hydrofluoric acid on an industrial scale has undergone 
a revolution in the last thirty years. At the time when the original Treatise 
was written, aqueous hydrofluoric acid was made industrially on a not very 
considerable scale. The anhydrous acid was not available commercially, 
and when it was required in the laboratory it was made by heating Frémy’s 
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salt, which, as has already been seen, was a serious complication in making 
fluorine, so that the introduction of the high temperature cell in which Frémy’s 
salt could be electrolyzed directly was a great advantage to those working 
in this field. When the medium temperature cell was introduced, a description 
was given of the making and storing, in a steel cylinder, of anhydrous acid, 
to be added to the cell as required. Reference has already been made to the 
first reported use of a commercial supply of anhydrous hydrofluoric acid in 
1931 (see page 42), but the anhydrous acid was not made pfimarily for use 
in the fluorine cell, but for the production of fluorochloromethanes (‘Freons’). 
The growth of the demand for this type of compound has led to a very con- 
siderable expansion of the industry producing anhydrous hydrofluoric acid, 
and this has been further assisted by increasing use of hydrofluoric acid as 
a ‘re-forming’ catalyst in the petroleum industry, and by the demand for it by 
the expanding atomic energy industry. This growth has been most marked 
in the U.S.A., though the establishment of anhydrous hydrofluoric acid 
manufacture has been reported in Great Britain and in Germany. Some 
figures have been given for U.S. production up to 1944.° It is stated that 
the first production of anhydrous acid was 500 tons in 1931, the production 
of aqueous acid in 1933 was equivalent to 1358 tons, and in 1944 the es- 
timated figures were: anhydrous acid 24,900 tons, aqueous acid 12,800 tons. 
The expansion of the latter is noteworthy, and is presumably related to the 
enormous increase in aluminium production, with the consequent demand for 
synthetic cryolite, and to the production of fluoride-containing fluxes for the 
light metal industry. An indication of the growth of this industry in the 
U.S.A. is given by the following figures for the total amount of fluorspar used 
in that country for hydrofluoric acid production:-’ 


Year 1930 1935 1940 1944 1945 1948 
Fluorspar, tons 12,600 12,900 37,000 129,500 109,315 107,280 


Except for hydrofluoric acid obtained as a by-product from mineral phos- 
phates and the direct use of cryolite in the production of aluminium, all the 
fiuorides and fluorine compounds of industry and commerce come from fluor- 
spar, from which hydrofluoric acid is liberated by the action of sulphuric acid. 
It should perhaps be noted that hydrofluoric acid is liberated on the calcina- 
tion of many fluorine-containing minerals, and it has been suggested e.g., 
that in the calcination of an American topaz mineral to give a mullite re- 
fractory, the hydrofluoric acid evolved might be recovered.* Some attention 
will be paid later to the production of anhydrous acid by calcination of 
Frémy’s salt (see page 81), but this of course is derived from fluorspar. 
There has been little work on the chemistry of the fluorspar-sulphuric acid 
reaction, beyond that described by Mellor. The heat evolved in the reaction 
CaF, + H,SO, —- CaSO, + 2HF, calculated from the heat of formation 
of the constituents, using 96% sulphuric acid and producing liquid hydrogen 
fluoride, is negative to the extent of 7-3 kg.-cal. Mellor reported that 
calcium fluorosulphonate was present in the residue when the hydrofluoric 
acid had been distilled off, and that if the sulphuric acid used contained 
excess of sulphur trioxide, fluorosulphonic acid distilled with the hydro- 
fluoric acid. It has been shown that fluorosulphonic acid is formed when 
strong sulphuric and anhydrous hydrofluoric acids are mixed:° Not un- 
expectedly, therefore, it has been demonstrated that fluorosulphonic acid is 
formed when calcium fluoride and sulphuric acid are mixed.*® On mixing 
equimolecular proportions of 93.7% sulphuric acid and ground fluorspar, 15% 
of the acid forms fluorosulphonic acid: with 98% sulphuric acid, 20% forms 
fluorosulphonic acid. Using ground fluorspar the maximum formation of fluoro- 
sulphonic acid was observed at 35°C., but with precipitated calcium fluoride 
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the conversion was greater and the maximum was at room temperatures, On > 
heating, the equilibrium:- 


H,SO, + HF <=  HSO,F + H,O 


is displaced to the left; and on removing hydrogen fluoride from the system 
the fluorosulphonic acid will be completely decomposed. The presence of 
sulphur trioxide on the other hand may be expected to favour the formation of 
fluorosulphonic acid, but the persistence of the calcium salt is not explained. 

In the manufacture of hydrofluoric acid, the choice of raw material is 
important: the sulphuric acid should be of 98—99% strength,°® and this will 
affect the water content of the product. A high grade fluorspar is required; 
the mined product may be contaminated with silica, which will give some 
silicon tetrafluoride or hydrofluosilicic acid inthe product; and with sulphides, 
such as galena, which will reduce some sulphuric acid to sulphur dioxide. 
A hand picked grade was at one time suitable as ‘acid spar’, but the increase 
in demand has led to the application of beneficiation processes, usually a 
flotation operation, to the run-of-mine material containing, e.g. in one Ameri- 
can case only 40—60% of calcium fluoride.** It is said that the fluorspar 
from certain Bavarian mines is of high purity, but a flotation plant was 
installed to ensure uniformity.’* The product will be specified as having a 
minimum calcium fluoride content of 98-5% or 99%. It has been pointed out 
that the aqueous hydrofluoric acid and compounds prepared from it are 
frequently contaminated with traces of manganese.** 


THE EYDROFLUORIC ACID INDUSTRY 


In the original Treatise, Mellor described the manufacture of hydrofluoric 
acid in a cast iron retort with a cast iron cover. From these retorts were 
developed batch rotary retorts, which in turn gave place to continuous retorts 
— although a German batch retort has recently been described.*” The modern 
industry however is almost entirely based on externally fired retorts which 
may be rotary; or fixed, with paddle agitators; and iron or mild steel is used 
until the region of weak acid (below 60%) is approached. Some account of 
the earlier state of the industry is given in Kausch’s work** and descriptions 
have been given of the manufacture in Germany,*”*® in the United States of 
America,®***® in Britain,*”*® in Russia,’® and in general.?® A large German 
plant with an annual capacity of 6000 tons was erected at Stulln, in Bavaria, 
to supply hydrofluoric acid for the wartime fluorine cell installation at 
Falkenhagen (see page 37). This had fixed retorts fired with producer gas, 
18 ft. long, 7 ft. diameter, with a central shaft carrying paddles which con- 
veyed the reaction materials. The exit gases passed through dust removal 
chambers and spray catchers to water cooled tubular condensers and then to 
refrigerated condensers. The residual gases were water-washed in towers 
lined with carbon brick or with polyvinyl chloride, to give a weak acid, and 
finally scrubbed with caustic soda. The crude acid from the condensers was 
purified by fractional distillation to give a product containing 99-99% hydrogen 
fluoride, whilst the residual calcium sulphate was to be used as a building 
material, similar to plaster of Paris, although in another German plant the 
residue wasslurried with water and pumped into the Rhine. 

In some American plants, a crude acid with only 80% hydrogen fluoride 
has first been made® and one British plant also follows this practice.*’ In 
one of the newest American plants, however, in Kentucky, this practice is no 
longer followed.** A fluorspar with 98-5% calcium fluoride, made from crude 
ore having only 40—60% CaF,, is mixed with 99% sulphuric acid and then 
passes through externally gas fired (or oil fired) rotary kilns made of % in. 
mild steel plate and fitted with replaceable steel liners. A kiln of 6G ft. 
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internal diameter and 40 ft. long, rotating once per minute, has an output of 6 
tons of 80% acid per day. The gases, containing 70 — 75% hydrogen fluoride, 
are taken off at 120°—180°C. and pass through a dust catcher and coke- 
packed towers to remove sulphuric acid. Then the gases may be washed in 
counter-current with aqueous acid to give the 80% acid, which is fractionally 
distilled to give anhydrous acid and a weak aqueous solution which is re- 
turned to the absorption system. In the newer plant, after removing an 
aqueous solution, containing sulphuric and hydrofluosilicic as well as hydro- 
fluoric acid, in a surface cooler which follows the coke-packed towers, there 
follow two stages of cooling in tubular steel condensers, the first cooled 
with water, the second with refrigerated brine, which yield an acid containing 
95—98% of hydrogen fluoride. The exit gases are water-washed to give 
some aqueous acid, and then washed with caustic soda before release to 
atmosphere. The crude acid is distilled through bubble cap columns which 
may be 3 ft. in diameter and 10 ft. high, the whole distillation system being 
made of copper. An acid containing over 99% of hydrogen fluoride is obtained 
as distillate, whilst the still residue will be the azeotrope, or a little stronger, 
with about 40% hydrogén fluoride. 


PATENTS — PRODUCTION 


There have been many patents dealing with developments, not only in 
methods of carrying out the reaction of fluorspar with sulphuric acid, but also 
in methods and processes of purification, covering separation from water, 
from hydrofluosilicic acid, and more recently from hydrocarbons and from 
sulphur dioxide, as well as more general purification procedures. Interest 
has been shown also in other possible processes of manufacture. In the 
earliest patent, it was proposed to cause calcium fluoride and sulphuric acid 
to react in thin layers under reduced pressure,” and then came a number of 
proposals for continuous operation of retorts provided with various methods 
of agitation,” 7 ** a Russian patent for a rotary kiln;?*> and a proposal to 
heat the reaction vessel with steam or a superheated tiquid.*® Several 
proposals deal with additions to, or special treatment of, the reaction mixture 
to increase the ease of handling. Thus a bisulphate is suggested in place 
of sulphuric acid, and sulphates or carbonaceous materials are added to the 
mixture.*”7_ In another proposal for using acid sulphates, salts are added to 
Maintain the mixture fluid and lower the reaction temperature, inorganic 
compounds such as potassium and sodium sulphates, acid alkali phosphates, 
or boric acid, being thus used.7* To avoid caking and corrosion, some of the 
waste calcium sulphate is returned to the reaction mixture,” or, in several 
very similar patents,”? the calcium fluoride and sulphuric acid are added 
separately to a body of reacting material. In another proposal to the same 
end, sulphuric acid is sprayed on to a hot mixture of fluorspar and calcium 
sulphate to avoid caking*°and in yet another it is proposed to use the calcium 
fluoride not too finely ground, so that a sulphate coating forms on the surface 
of the granules and is removed by the tumbling action in the rotating retort.** 
A number of patents deal with methods of handling the gases coming from the 
retorts, and with methods of condensation, the earlier ones being more 
particularly concerned with aqueous acid. One proposes wooden wash 
towers in series, with separate cooling of the circulating solutions? another 
is a general proposal that vapours generated by reaction of sulphuric acid 
with salts should be scrubbed with the hot acid being produced, various 
additions to the latter for purification purposes being suggested.** Later 
patents aim at the production of pure anhydrous acid. Thus it is proposed 
to operate a continuous retort at pressure above atmospheric, and to cool and 
condense in stages, removing first sulphuric acid, then aqueous hydrofluoric 
acid, and finally anhydrous hydrofluoric acid in a refrigeration stage.* 


Refs, p. 82 


78 HYDROGEN FLUORIDE 3e1 


Another process proposes to maintain a high proportion of hydrogen fluoride 

in the gases from the retort, to pass them over calcium fluoride to remove 
sulphuric acid, then to separate an aqueous hydrofluoric acid in the first 
cooling stage.** In a recent patent, gaseous anhydrous hydrogen fluoride 
containing sulphur dioxide as an impurity is mixed with air or inert gas and 
scrubbed in a packed tower with water, to give an aqueous acid free from 
sulphur dioxide.*® Yet again, the crude furnace gases are to be scrubbed 
with hot strong sulphuric acid to reduce their water content, and then com- 
pressed to a pressure of 20 Ib./sq.in., before cooling and condensation.*’ 


PATENTS — PURIFICATION. 


While it is apparent that the condensation procedures referred to above 
have as an aim the production of a purer acid, some patents cover specific 
procedures for that purpose. Attention may here be drawn to a difference 
between hydrofluoric acid and hydrochloric acid: over the whole range of 
compositions, from pure water to pure hydrogen fluoride, hydrofluoric acids 
are liquid at atmospheric temperature and pressure, whereas there is a limit 
to the strength of hydrochloric acid which can be condensed under these 
conditions, and solutions having more of the acid constituent than the 
azeotropic composition will on distillation give a proportion of anhydrous 
acid, and the remainder as azeotrope. In the case of hydrofluoric acid, 
strong acids can readily be obtained from the production plant, e.g. it has 
been seen that one unit aims to produce an 80% acid, and a high proportion 
can be obtained in the anhydrous state on distillation. Thus the first 
purification patents claim the production of anhydrous hydrofluoric acid by 
fractional distillation of aqueous acid containing less water that the azeo- 
tropic composition.** It is proposed to remove the last traces of moisture 
by treatment with fluorine.*? The use of hydrofluoric acid as a catalyst in 
the petroleum industry gives rise to a recovered acid in aqueous or organic 
solution and with various contaminants*® and numerous processes have been 
proposed, mostly for recovering the anhydrous acid from aqueous solution, 
and this usually of azeotropic composition. Thus it is proposed to add 
ethylene glycol, when much of the water can be distilled off, followed by a 
60% acid which can be redistilled to give anhydrous acid and azeotrope for 
reprocessing.** By carrying out the distillation in presence of an olefin, an 
alkyl fluoride is obtained which can itself be used as an alkylating agent; 
or by using a cyclo-olefin, the organic fluoride formed can be decomposed 
subsequently by heating to 100-250°C. and hydrofluoric acid recovered.** 
By distilling in presence of a light hydrocarbon, substantially anhydrous 
hydrofluoric acid is recovered directly.** It has also been proposed todistil 
the azeotrope at pressures below atmospheric, thus separating it intoaqueous 
solutions lower and higher in hydrogen fluoride which, when distilled at 
atmospheric pressure, give in one case hydrogen fluoride and azeotrope andin 
the other water and azeotrope,”* to freeze out from the azeotrope, at -55°to 
-60°C., the compound HF,H,O with 52% of hydrogen fluoride and then to 
distil anhydrous material from this;*® and to add potassium fluoride to give 
KF,HF, when all the water can be distilled off and then, at a much higher 
temperature, the hydrogen fluoride.*”? Procedures for fractional distillation 
of hydrogen fluoride=hydrocarbon mixtures have also been claimed. *® 

The problem of silica in the fluorspar, with consequent presence of 
silicon tetrafluoride in the hydrofluoric acid, has received much attention 
and many solutions have been proposed. Thus, if the silicon content of the 
fluorspar is not too high (not more than about 3%) its prior treatment with 
aqueous hydrofluoric acid is proposed, the mixture being heated to drive off 
silicon tetrafluoride before the normal treatment with sulphuric acid.*? Or 
after leaching with dilute aqueous acid the fluorspar is heated in air to 
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500 — 1000°C. to reduce the sulphide content, which is deleterious in causing 
contamination of the hydrofluoric acid with sulphur dioxide.®® Or, what 
amounts to the same thing, the fluorspar is treated with 85 —90% sulphuric 
acid giving a thick paste which is stirred and gently heated and, after the 
silicon tetrafluoride has been expelled, strong sulphuric acid is added and 
stronger heating applied.°»5* It may be presumed that the more recent 
fractional distillation techniques for obtaining the anhydrous acid from acids 


containing 80 to 95% hydrogen fluoride, will eliminate silicon tetrafluoride 


readily. The principal objection to this impurity is that it represents a 
waste of raw materials and therefore an added cost, and so the emphasis is 
on the removal of silica by physical means, such as flotation processes, 
before the fluorspar enters into reaction with sulphuric acid, as has been 


noted above. The proposals below are therefore mainly, though not entirely, 
concerned with the purification of aqueous acid. The fact that silicon tetra- 
fluoride has a lower boiling point than hydrogen fluoride is the basis of a 


patent claiming that any desired degree of separation of silicon tetrafluoride 
and hydrogen fluoride can be achieved by condensing the mixed vapours at 
an appropriate low temperature.°* A somewhat earlier patent covered very 


similar ground:** another must presumably be in error in stating that the first 


fractions to condense from the substantially anhydrous vapour contain the 


silicon tetrafluoride.** Yet another patent points out that from aqueous 


solutions containing less than, say, 65% of hydrogen fluoride this acid is 
preferentially volatilized and the hydrofluosilicic acid remains behind, so 


that the hydrofluoric acid can be purified by distillation.*® Thus on distil- 
lation of an acid containing 40% hydrogen fluoride and 2-3% of silica, 80% 
was obtained as acid containing 0-2% of silica and 20% as a residue contain- 


ing 11% of silica. The same specification points out that on distilling acids 
with more than 80% hydrogen fluoride the silicon tetrafluoride is preferentially 
volatilized, and a pure residue can be obtained in the still by boiling off the 
silicon tetrafluoride up a reflux column. An aqueous acid free from silica is 


obtained by boiling an acid of strength greater than the’ constant boiling 


mixture, until silicon tetrafluoride is no longer evolved.*’ An early patent, 


the chemistry of which seems a little dubious, proposes to hydrolyze the 
silicon tetrafluoride in the mixed vapours from an impure aqueous acid 
by maintaining them at 125°C. for some time, the hydrofluoric acid being 


then scrubbed out.°* Various procedures involving the formation of silico- 


fluorides have been proposed; the simplest washes the crude hydrofluoric 


acid vapour with water at 70 to 100°C., whereby hydrofluosilicic acid and 


sulphuric acid are removed;* alternatively the silicon tetrafluoride may 


_ 


be removed by passing the vapour over sodium fluoride at 200 to 500°°° or 


Over sodium acid fluoride at 80 to 250°%°* In another process, acid con- 
taminated with hydrofluosilicic acid reacts with alkali fluorides in such a 


‘Manner as to obtain a readily filterable precipitate which is removed, and 
then pure acid is distilled off. 


One proposal is to add silicon tetrafluoride to convert everything to hydro- 
fluosilicic acid, and then treat this with sodium or other metal fluoride to give 


_ pure hydrogen fluoride and the silicofluoride, which itself is subsequently de- 
_ composed by heat to reform the metal fluoride and silicon tetrafluoride. 
process for fluosilicic acid or its salts, treatment with ammonia enables the 


cee Fa) 


Silicato be separated and the resulting solution of ammonium fluoride is mixed 


with an equivalent amount of alkali fluoride and evaporated to dryness: it is 


said that ammonia then escapes leaving the equivalent amount of acid alkali 
fluoride which,on further heating, evolves anhydrous hydrofluoric acid leaving 
a residue of alkali fluoride. It has been proposed to wash the crude vapours 
with a hot solution of potassium sulphate, sothat while hydrofluoric acid is 
not absorbed potassium silicofluoride is precipitated.®* If ferric oxide is 
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added to the aqueous acid, the silicofluoride may be filtered off and the ferric 
fluoride crystallized out and decomposed with steam. 

A German process proposes to wash the crude gases with sulphuric acid,® 
and whilst it does not refer to the formation of fluorosulphonic acid, this is 
implicit in the specification; 50 parts of 100% sulphuric acid absorb an equal 
amount of hydrofluoric acid which is equivalent to 1 mole of the former to 5 of 
the latter. Silicon tetrafluoride is not absorbed at 30°C., the operating 
temperature. Then by heating to 60—80°C. four fifths of the hydrofluoric 
acid may be boiled out in a pure form. The residual acid may be used for 
treating more calcium fluoride, and obviously it retains one mole of hydro- 
fluoric acid and consists of fluorosulphonic acid. If water is present in the 
crude gases going to the scrubber, an equivalent amount of sulphur trioxide 
is added to the sulphuric acid. A later American specification covers much 
the same ground, but more clearly claims fluorosulphonic acid itself as the 
scrubbing agent.°* The stripping of the acid is carried out in a fractionating 
column and the temperature in the boiler is taken up to 160°C., substantially 
the boiling point of fluorosulphonic acid, so that the recovery of the hydro- 
fluoric acid is essentially complete. 

Sulphur dioxide is an impurity: liable to occur in crude acid owing to 
reduction of the sulphuric acid e.g., by sulphides in the fluorspar, or by 
organic matter. This impurity is disadvantageous in hydrofluoric acid used 
as catalyst in the petroleum industry, and a number of proposals have been 
made for its removal. Thus the crude acid, containing 0-1 to 1-0% of sulphur 
dioxide, may be treated with olefinic compounds to give sulphur-containing 
organic compounds insoluble in the aqueous acid.°® It is suggested that a 
hydrocarbon, between propane and pentane, if added to the crude anhydrous 
acid, will form a minimum boiling azeotrope with sulphur dioxide, which may 
be separated by distillation, giving a purified product with only 1 p.p.m. of 
sulphur dioxide.”° If the crude acid is treated with spent hydrofluoric acid 
from the alkylation process, olefinic oils present in the latter will react to 
form complex compounds with the sulphur dioxide so that pure hydrofluoric 
acid can be distilled off.” A simple proposal is to reduce the sulphur dioxide 
with hydrogen sulphide and distil off a pure acid,’* which will, however, 
contain more water as a result of the reaction. 


PATENTS - OTHER PROCESSES 


There have been proposals to make hydrofluoric acid by processes other 
than the treatment of fluorspar with sulphuric acid. A Norwegian patent 
describes? the reaction of fluorspar with silica at an elevated temperature and 
in presence of water vapour.’* By varying the proportion of water vapour it 
is possible to obtain either hydrofluosilicic acid, according to the equation: 


3CaP ist SiO; 4 ELOmces at Hesilee 2 Cad) 
or hydrofluoric acid itself:- 
3CaP,) ot Si0,+4 3,0 >) v GHE (teG@aSiO oe 2Ga0. 


It is not obvious why excess silica should not be added to convert all the 
lime to calcium silicate, as this would be expected to favour the hydrolysis 
of fluorspar, which, from Domange’s results (see page 73), gives rise to 
only 2-3% of hydrogen fluoride in the equilibrium mixture with water vapour 
at 1100°C. A Belgian patent proposes fusing together in an electric furnace 
hydrous raw material containing fluorine with silica and alumina, and recover- 
ing hydrofluoric acid from the gases evolved. According to a Russian 
patent, fluorspar is heated with the oxides or hydroxides of iron or aluminium 
in an atmosphere of water vapour to give hydrofluoric acid.7> It is not 
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obvious that any such processes will be advantageous compared with the 
fluorspar-sulphuric acid process as now developed. 

An interesting proposal in another patent is a combined production and 
recovery process.’° Hydrofluoric acid, for example that recovered from 
catalysis in the petroleum industry, reacts in the presence of air or oxygen 
with a metal such as silver, copper, lead or mercury to give the metal fluoride; 
this is then reduced by hydrogen, or by hydrocarbons, to give pure hydrofluoric 
acid. Among other recovery processes, one worth noting describes the 
recovery of hydrofluoric acid from the gases from phosphoric acid plants, by 
washing them with hot aqueous solutions so that no condensation of water 
vapour occurs,”” and a number of patents, all covering distillation procedures, 
deal with the recovery of hydrofluoric acid from admixtures with hydrochloric 
acid and organic materials, arising in the production of such compounds as 
fluorochloromethanes.”® And one patent deals with the purification of hydro- 
fluoric acid made in the production of fluorocarbons by means of extraction 
with a fluorocarbon.’ 


HYDROFLUORIC ACID FROM FREMY’S SALT. 


The classical method of preparing anhydrous hydrofluoric acid is by 
decomposing Frémy’s salt, KHF,, obtained by half neutralizing aqueous 
hydrofluoric acid with potash and evaporating the solution to crystallization. 
‘This is a derived process, in that hydrofluoric acid must first be made, pre- 
sumably from fluorspar. Whilst the aqueous process is usual for this salt, it 
has been claimed in a patent that the treatment of solid potassium chloride 
with hydrofluoric acid vapour can be used to made Frémy’s salt,®® and that 
working at temperatures not above 50°C. with an excess of hydrofluoric acid, 
liquid polyfluorides may be obtained. Elsewhere it is said that potassium 
‘sulphide may be used in place of potassium chloride.* 

_ It has already been seen that the preparation of hydrofluoric acid suf- 
ficiently low in moisture was one of the principal problems in the satisfactory 
operation of high temperature fluorine cells (see page 29), and this in turn 
depended on the adequate dehydration of the potassium bifluoride. Simons 
has described the preparation on several occasions.** Dehydration is effected 
by electrolyzing the molten salt at 200—220°, using a graphite anode ina 
copper pot, until fluorine is evolved, when the dehydration is complete; and 
anhydrous acid is obtained on further heating, using a ring burner to heat 
the melt near the surface, to avoid frothing. 

In his extensive work on the properties of anhydrous hydrofluoric acid as 
-a solvent, Fredenhagen required considerable quantities, and as these were 
made by the method under discussion, it has been described in some detail,® 
and has been further studied by Fredenhagen and Cadenbach.™ The salt 
melts, not very sharply, between 215° and 225°C., and at about 400° the pres- 
‘sure of hydrofluoric acid vapour reaches 1 atm. The loss of acid causes a 
tise in temperature, as the potassium fluoride produced dissolves in the melt. 
When 30% of the hydrofluoric acid has been evolved, the melt is saturated 
with potassium fluoride (it then contains 17-9% HF, compared with 25. 6% in 
the original salt) and the evolution of hydrofluoric ‘acid continues at  atmo- 
spheric pressure at a constant temperature of 504°C., the further potassium 
fluoride formed appearing as a solid phase. These observations are consider- 
ed to explain the foaming phenomena referred to by previous authors. In the “ 
first stage, a large proportion of the heat applied is used in heating up the 
melt; but when a steady temperature is reached a greater proportion of the 
heat is available for decomposing the salt so that the rate of hydrofluoric acid 
evolution is much increased and foaming may occur, this being assisted by 
the presence of a solid phase. If water is present in the original salt the 
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temperature at which the hydrofluoric acid pressure reaches 1 atmosphere is 
higher, to the extent, e.g., of about 5° with a salt containing 2% of water. 
The water is quite strongly held, and comes off only slowly with the hydro- 
fluoric acid, the temperature of the decomposing melt falling gradually to the 
m.p. of the anhydrous salt. 

The water content of the acid and the preparation of acid of low water 
content are dealt with below, (see page 987). It is shown that the electrical 
conductivity is a guide to the water content and that to collect material 
really low in water content, about the first 30% of acid distilling over should 
be rejected and the remainder should be redistilled from well calcined potas- 
sium fluoride. 

In a patent resulting from this work®* it was proposed that the potassium 
bifluoride should be dried by heating in a stream of dry air, keeping the 
temperature below the melting point, until the hydrofluoric acid evolved on 
heating a small portion to its decomposition temperature has a specific con- 
ductivity below a specified limit (0-02 mho/0°C.) More nearly anhydrous acid 
could be obtained on redistilling the first product.** Special care should be 
taken, in the heating, to prevent trouble from too rapid gas evolution®® by 
reducing the rate of heating when the maximum temperature of the melt is 
seached. The thermodynamics of the system KHF,-KF-HF have been 
studied;®? over the temperature range 205 — 303°C., the dissociation pressure 


of B-KHF, is given by logP,, = — Oe 8-574; at 303°, P = 44-4 mm., and 


extrapolating this expression gives P = 760 mm. at 429°C., which is in very 


fair agreement with the experimental observation of Fredenhagen and Cader 


bach. 
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SECTION IV. 


THE PHYSICAL AND CHEMICAL PROPERTIES AND USES 
OF HYDROGEN FLUORIDE AND ITS AQUEOUS SOLUTIONS. 


By H.R. LEECH 
THE PHYSICAL PROPERTIES OF HYDROFLUORIC ACID. 


THE PHYSICAL PROPERTIES OF THE PURE SUBSTANCE 


The melting point of hydrofluoric acid has been given as 190-09°K 
(-83-04°C.)* and 190°K.? The density of the solid has been given as* 


eR; 97-2 09.8 —191 
d, g./c.c. 1-658 1-653 1-749 


From these figures the coefficient of expansion of the solid is given as 
60 x 10°. It is pointed out in this work that when quite free from moisture, 
liquid hydrofluoric acid does not attack fused quartz, which was therefore 
used. This confirms an observation by Fredenhagen (see page 137). Be- 
tween eee and +5°C. the density of the liquid has been expressed by the 
equation* (¢=temperature, °C.) 


dz, = 1-0020 — 2-2625x10-%¢ + 3-125 107%? (g./c.c.) 
from which the following values can be calculated 


ire: —80 —60 —40 —20 0 +20 
d, g./¢.c. 12030 1-1490 1-0975 1.0483 1-0020 0.9580 


The vapour pressure of hydrogen fluoride between 5 and 76 cm./Hg is 
given by® log,,P(cm) = 6:3739 — ne 


good agreement with this giving over a wider range — from the melting point 


An earlier determination was in 


to 47°C. — the equation? log,,P(cm) = 6-37 — a2. Over a narrow range 
(15 to 24°C.) a different equation has been proposed:°® 
log P(cm) = 7-48 — ae 


The corresponding boiling points at 760 mm. are”** 19-6$ 19-94° and 19-54% 
The vapour pressure of deuterium fluoride is given by 
log, (cm) = 62026 — wo, 
and the atmospheric boiling point is 18-68°C.* The comparative values of 
the vapour pressures of hydrogen fluoride (P,) and deuterium fluoride CR), tin 
cm. of mercury, are given in Table I. 
The plot of log P v. 1 slopes the same way for this pair and for the 


P, T 


acetic acid pair, where association also occurs, and in the opposite sense for 
the corresponding hydrogen-deuterium pairs in the case of water, ammonia, 
and hydrogen chloride. It is suggested that hydrofluoric acid might lend 
itself to economic distillation at low pressures for separating hydrogen 
isotopes: the deuterium fluoride would be removed at the top of the still, 
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TABLE I.- VAPOUR PRESSURES OF HYDROGEN FLUORIDE 


which would be very advantageous. The hydrogen and deuterium fluorides 
used in this work were made by reduction of silver fluoride. The critical 
temperature for hydrogen fluoride is 230+2°C.,’ and the value of van Laar’s 
constant, K = T,/T, derived from this, 1-72, is close to the values for the 
other hydrogen halides. From a comparison of the critical data of related 
compounds, the critical density was estimated to be 0-416 g./C.c. The 
vapour density is considered below in relation to the association of hydro- 
fluoric acid. The specific heat of the solid, from 11° to 77°K., is given in 
Table II.? 


TABLE II.- MOLAR HEAT CAPACITY OF SOLID HYDROFLUORIC ACID, 11- T7K,. 


11.02]13.34|13.36 |15.50 [16.26 [18.75 {19.32 |21.20 23.0 |26.6 | 


The molar heat capacity is given for a molecular weight of 20, but this is very 
arbitrary, since there is every indication of association and a much higher 
molecular weight (see below). 

The specific heats have been determined also from 98° to the melting 
point (Table III). In this work rather a wide scatter was shown in the results, 
so the following values were obtained by graphic interpolation’. 


TABLE III. - SPECIFIC HEAT OF SOLID HYDROFLUORIC ACID, 100°K=m.p. 


The results did not lie on one smooth curve, there was some suggestion 
of transformations occurring at 118° and 167°K., and there was, of course, a 
pronounced discontinuity at the melting point. The curves for these results 
and for those of Clusius et al. above for the lower temperature range, also 
did not seem to be congruent, so that it appeared as if there was another 
transformation between 80 and 90°K. The average value of the latent heat 
of fusion determined in this work was 1094 g.-cal. per 20 g., with a mean 
error of + 13 g.-cal. The authors point out that the value of the ratio of this 
molar latent heat’ to the melting point on the absolute scale, is 5*7 which 
is indicative of association; the ratio for water is 5°3 whilst that for the 
other hydrogen halides is 3+4, 

The specific heat of the liquid, determined by the same workers’, is 


given in Table IV; again the results showed scatter and the following values 
were taken from the smoothed curve, 
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TABLE IV.- SPECIFIC HEAT OF LIQUID HYDROFLUORIC ACID, m.p. — 270°K. 


per 200 

The latent heat of vaporization has been considered from the point of view 

of the effect of molecular association. Simons determined the vapour pressure 

curve, and by applying the Clapeyron-Clausius equation obtained a figure of 

6125 g.-cal. per g.mole which, it was pointed out, was only approximate,’ 

since hydrofluoric acid, in the region considered, was far from obeying the 
gas laws. 

It was remarked that this figure, like previously reported figures of the 
same order, e.g. figures derived from Trouton’s rule, applies to a molecule of 
formula H,F,, and for a simple molecule of HF of molecular weight 20 a figure 
of 1927 + 90 g.-cal. was calculated for the latent heat using Simons’ data.*° 
Returning to the question some time later,** Simons made an experimental 
determination of the latent heat at 750mm. pressure, and obtained a value of 
97-5 g.-cal./g., whilst, taking a corrected figure of 6025 g.-cal. for the ‘molar’ 
latent heat and dividing this by the molecular weight obtained from vapour 
density determinations, a value of 95 g.-cal./g. was obtained. Fredenhagen 
and co-workers obtained somewhat different figures. They actually. deter- 
mined values of 85-23 and 87-55 g.-cal./g. at 4-40° and 15-76°C. respectively, 
and from careful measurement of vapour pressures over the range 650 —900 mm. 
(15—24°C.) they obtained a value of 6150 g.-cal. per g.mole. They had 
obtained, from vapour density data, an association factor of 3-45, so that the 
latent heat is 89-1 g.-cal./g. (+ 1-25). 

The heat capacity of gaseous hydrofluoric acid in the monomeric form, 1.e. 
HF, assuming no association, has been calculated from spectroscopic data.’? 
The values, together with the free energy and entropy calculated by the same 
authors, are given in Table V. 


TABLE V.- THERMODYNAMIC PROPERTIES OF HYDROFLUORIC ACID 


34-634 
34-677 
36-663 
38-207 
39-470 
41-467 


43-023 
44-301 
45-392 
46-346 
47-197 
47-968 


The electrical conductivity of liquid hydrogen fluoride is very greatly 
increased by traces of water and other impurities. The best, t.e. the lowest, 
value obtained by Fredenhagen and Cadenbach was 14 x 107° ohm™ at -15°C., 
but it was thought that this was not the lowest value possible.** The material 
for this work was made by heating Frémy’s salt; when the salt used contained 
2% of moisture very high conductivities were shown in the acid first made, 
whilst salt previously well dried gave a product which showed much lower 
initial conductivities. The effect of some salt spray on the conductivity must 
also be taken into account. Successive fractions were collected and showed 
rapidly decreasing values of the conductivity. When the material of better 
quality was collected and successive fractions were distilled into the con- 
ductivity apparatus, even lower values were obtained, because of the strong 
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retention of small amounts of water in the liquid phase on distillation. The 
earlier successive samples show a decrease in conductivity because adsorbed 
water is washed out by the first fractions, but later samples show a progressive 
increase because the accumulation of water in the liquid phase leads to some 
distilling over. Results are shown in Table VI: the first fraction from the 
undried salt had a water content above 2N., that from the dried salt only 


about 0-05N. 


TABLE VI.- PRODUCTION OF LOW MOISTURE-CONTENT HYDROFLUORIC ACID 


Specific conductivity x 10°, at -15°C. 
[rat [ae 2) 


260 ,000 
74,400 
16,100 

5,800 
3,100 
5,000 
2,850 
2,120 
980 
680 


A. — successive samples on heating KHF, 


Al — salt with 2% moisture. 
A2 — well dried salt. 


B,. — First 30% of product on heating KHF, discarded, further products 
condensed as successive samples on distillation: two series of 
experiments, 3 and 4. 


In an earlier paper** some values of the conductivity for increasing water 
content were given, but these must be somewhat in error, as at that time the 
lowest conductivity achieved was 40 x 107%. (See page 87). 

The dielectric constant is given in Table VII’* for acid of lowest possible 
water content. 


TABLE VII.- DIELECTRIC CONSTANT OF LIQUID HYDROFLUORIC ACID 
174-8 | 173-2 | 134-2 | 110-6 | 83-6 | 


The ionization potential was estimated, or predicted, to be 15-7 + 0-7 v.'® 
14.02 v."’ and 18-04V.*® More recent actual determinations quote a figure of 
5-4e.V., but no explanation is offered of the discrepancy.'® Some observations 
Pane PRE made on the nuclear magnetic resonance of liquid hydrofluoric 
acid, 

The viscosity of the pure liquid has been determined over a range of tem- 
peratures, and compared with the commercial acid as obtained from a cylinder 
(though no analysis is given) and with acid to which ethyl alcohol had been 
added to give 6-1 mol.-% alcohol and 0-5 mol.-% water.?4_ The results are 
_ given in Table VIII in centistokes, with the values for the pure compound in 

centipoises also, calculated using the known density values. 

The viscosity is low, comparable with that of ethyl ether, and it is seen to 
be very remarkably increased by relatively small amounts of impurities. 
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TABLE VIUI.- VISCOSITY OF PURE AND CONTAMINATED HYDROFLUORIC ACIDS 


renpaains Viscosity, centistokes Pee iticcisds 
OG Comm’l. Acid and Pure pure 
c Acid Alcohol Acid 


acid 


The surface tension of liquid hydrofluoric acid is* 


HAC -~81-8 +23-2 +18-2 
y 17-7. 12-0 8-62 dynes/cm. 


The results fit the equation Y = 40-7 [1 - of! re 


References 
1 Dahmlos, J. & Jung, G., Z. phys. Chem., 1933,B21,317-22. (27,4148) 
2 Simons, J., J.A.C.S., 1924, 46,2179-83. (18,3499) 
3 Le Boucher, L., Fischer, W. & Biltz, W., Z. anorg. Chem., 1932,207,61-72. (26,5239) 
4 Simons, J. H. & Bouknight, J. wW., J.A.C.S., 1932,54, 129-37. (26,1171) 
5 Claussen, W.H. & Hildebrand, J.H., J.A.C.S., 1934,56,1820. (28,5736) 
6 Fredenhagen, K., Z. anorg. Chem., 1933,210,219-24. (27,2079) 
7 Bond, P. A. & Williams, D.A., J/.A.C.S., 1931,53,34-7, (25,1422) 
8 Woolsey, G., J.A.C.S., 1937,59, 1577-8. (31,6943) 
9 Clusius, K., Hiller, K. & Vaughan, J. V., Z. phys. Chem., 1930,B8,427. (24,4675) » 
JO Kolosovskii, N., Bull. Soc. Chim., 1927,41,422-8. (21,2416) 
Il Simons, J. H.& Bouknight, J.W., J.A.C.S., 1933,55, 1458-60. (27,4158) 
12 Murphy, G. M.& Vance, J.E., J. Chem. Phys., 1939,7,806-10. (33,8068) 
13 Fredenhagen, K. &Cadenbach, G., Z. anorg. Chem., 1929,178,289-99. (23,2114) 
14 Fredenhagen, K., Z. phys. Chem., 192,128, 1-24. (21,3522) 
15 Fredenhagen, K.&Dahmlos, J., Z. anorg. Chem., 1929,178,272-4. (23,2614) 
_ 16 Glockler, G., Phil. Mag.,. 1925,50,997-1001. (20, 145) 
17 Kappanna, A.N., Quart. J. Indian Chem. Soc., 1926,3,59-62. (20 2222) 
18 Biswas, S.C., Nature, 1927,119, 707. (21,2426) 
19 White, J. R.& Cameron, A.E., Phys. Rev., 1947,71,907. (41,5382) 
20 Bitter, F., Alpert, N.L., Poss, H.L., Lehr, C.G. &Lin, S. T., Phys. Rev., 


1947, 71,738. (41,4706) 
2I Simons, J.H. &Dresdner, R.D., J.A.C.S., 1944,66, 1070-2. (38,4484) 


90 “HYDROGEN FLUORIDE 42 


TEE HYDROGEN FLUORIDE MOLECULE 


The vapour density of hydrogen fluoride is much greater than would be 
expected for the simple molecule HF, indicating considerable assoCiation. 
The earliest explanation was the suggestion of a dimeric form H,F,, but the 
density shows that the association must be greater than this; a later sugges- 
tion was that a hexamer, (HF),, was formed, and that the equilibrium GHF —— 
(HF), existed. Hydrogen bonding, which is stronger in this than in any other 
case, is the cause of the association, which it now appears leads to the 
formation of zig-zag chains containing up to eight HF units. The evidence 
for this is well authenticated in the vapour at moderate temperatures, and the 
solid also has been shown to be constructed of similar, endless chains. 

A number of determinations of the vapour density have been reported. 
Simons and Hildebrand, 1924,* bubbled dry nitrogen through liquid anhydrous 
hydrofluoric acid, and absorbed the vapour in solid sodium fluoride. The 
vapour density was calculated from the data obtained, using the vapour pres- 
sure determined by the same authors (Table IX). 


TABLE IX.- VAPOUR DENSITY (H=2) OF SATURATED HF 
(SIMONS AND HILDEBRAND) 


Fredenhagen (1933)? also saturated a carrier gas with the vapour, which was 
absorbed in potash, to determine the density of saturated vapour between the 
freezing point and +4°C. (Table X). 


TABLE X.- VAPOUR DENSITY (H=2) OF SATURATED HF 
(FREDENHAGEN) 


vap. density 


The results were, except in one case, in good agreement with those of 
Simons and Hildebrand. The vapour density shows a maximum at -34° attri- 
buted to the fact that whilst the degree of association increases as the 
temperature falls, it diminishes with falling pressure, and the pressure effect 
outweighs the temperature effect below -34°C. 

The carrier gas method was considered unreliable above 4°C. owing to the 
high partial pressure of the hydrogen fluoride, so a further series of determin- 
ations was made of the density of unsaturated vapour at higher temperatures, 
by measuring the weight of gas in a silver bulb at atmospheric pressure. 
Excess of liquid was put in the bulb, which was then brought to equilibrium 
(excess liquid boiled off) and the residual vapour estimated by absorbing it 
in water and titrating the acid. The results in Table XI are compared with 
the classical determinations of Thorpe and Hambley. There is good agree- 
ment above 45°C. but below this temperature the later values are somewhat 
higher, perhaps because Thorpe and Hambley did not displace the air com-_ 
pletely from their bulbs. 

Fredenhagen, Klatt and Kunz (1934)? made a more extended series of 
determinations, at 26°, 32° and 38°C., to give the ‘dissociation isotherms’ 
which are shown in Fig. 1. 

Long, Hildebrand and Morrell (1943) in order specifically to study the 
the association, observed the variation of pressure with: temperature for a 
given initial volume of hydrogen fluoride, and in their experimental work 
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TABLE XI.- VAPOUR DENSITY (H=2) OF HF AT 
ATMOSPHERIC PRESSURE, 24°—80°C. 


24-91 


22°61 
21-71 


21-31 


21-00 
20-58 


several features are of interest. Discrepancies in their early experiments 
were traced to the presence of a small amount of moisture and they concluded 
that water and hydrofluoric acid evidently form a gaseous hydrate more stable 
than the hydrofluoric acid polymer, each water molecule being probably sur- 
rounded by several hydrofluoric acid molecules. The association factor 
will therefore be much higher if any water is present, which may explain 
disparities in results published by other workers. They made their hydro- 
fluoric acid by reducing silver fluoride with hydrogen, whereas previous 
workers generally made it' by decomposing Frémy’s salt. They had pre- 
viously used the same method for hydrogen and deuterium fluorides, as has 
been noted above. They measured pressures using a null-point gauge, made 


800 |: 


600 


400 


Pressure mm. Hg 


Vapour density 


Fig. 1, ‘DISSOCIATION ISOTHERMS’ FOR HYDROGEN FLUORIDE 
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of a fine gold casing with a corrugated gold-plated brass diaphragm. As 
these workers give no actual densities, but only association factors, their 
results are considered below. . . 

Since the molecular weight of the simple HF molecule is 20, the extent of 
the association is obvious from the above figures. Association decreases 
rapidly as temperature increases, so that above 80°C. it is practically nil, 
It also decreases rapidly as the pressure falls, becoming negligibly small at 
about 50 mm. at 26°, at 100 mm., at 32°, and at 150 mm. at 38°, Simons and 
Hildebrand studied their results from the standpoint of polymerization to the 
hexamer (it was obvious that, with apparent molecular weights above 80, 
molecules higher than the tetramer must be formed). Both these results and 
those of Thorpe and Hambley fitted an equilibrium of the form 6HF =~ (HF),, 
and the heat of association appeared to be 40,000 g.-cal. per g.- molecule of 
hexamer. Whilst subsequent work has cast doubt on the simplicity of this 
assumption, which also suggested a ring form for the polymer molecule, 
Hildebrand recurred to it in a later paper.* Though Fredenhagen doubted the 
validity of the hexamer hypothesis, he: was at pains to demonstrate the as- 
sociation from several angles. Thus he determined the latent heat of evapor- 
ation calorimetrically as 1704-6 g.-cal./20 g. at 4-4°, 1751 g.-cal./20g at 
15-76°, whilst the vapour pressure data gave a mean molecular latent heat at 
19-54° of 6150 g.-cal. The association factor must therefore be ram 351 
and the molecular weight, 70-2, which though high is in fair agreement with the 
results given above. Similarly the vapour pressure lowering, by solutes 
dissolved in liquid hydrofluoric acid, was shown to be greater by a factor of 
3-5 than that calculated from a molecular weight of 20 for the solvent. It was 
therefore concluded that the degree of association in the liquid phase was of 
the same order as in the vapour. A further paper® described measurements of 
the latent heat when liquid hydrofluoric acid was evaporated at its atmospheric 
boiling point and expanded through a valve to 20 mm. pressure (when it would 
be almost completely monomeric). A value of 7,800 g.-cal. per 20 g. of 
hydrogen fluoride was obtained, and as a figure of 1780 g.-cal./20 g. had 
already been obtained for the latent heat at this temperature and atmospheric 
pressure, the difference, 6020 g.-cal., must be the dissociation energy. For 
the average association factor of 3-5, the association energy is therefore 
21,070 g.-cal., and for (HF),, the value is 36,120 g.-cal., in very fair agree- 
ment with the figure of 40,000 g.-cal. deduced by Simons and Hildebrand. In 
a re-examination of these data, and a comparison of the behaviour of hydrogen 
fluoride and deuterium fluoride, Hildebrand* obtained figures of 40,800 and 
41,100 g.-cal. for the respective heats of association to an assumed hexameric 
form. . 
Simons returned to the question with a study of the electron diffraction of 
the vapour.® The results could not be interpreted in terms of molecules with 
a hexagonal structure, but could readily be explained in terms of a zig-zag 
chain, and also seemed to show that polymers of diffenent chain lengths were 
present. The nature of these chains, and the dimensions (in Angstroms) are 
given in the diagram: | 


71255 £0.06 140° BY py agai. 
F7.00+0.06 Re a eo 


The hydrogen atoms are in line with the fluorine atoms within + 15°. Evidence 
was also brought forward suggesting that the anomalous values of certain 
properties of the liquid would be explicable on the basis of chain polymer 
formation. 
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_ At this time the X-ray structure of the solid was reported.’ The crystals 
are tetragonal or pseudo-tetragonal; at 91°K. ag = 5:45; cy = 995A. There 


are infinite zig-zag chains along the c-axis; four chains each of four hydro- 


_ gen fluoride molecules make the unit cell. The distance F-H-F is 2-74., 


compared with 2-55 in the electron diffraction studies above, the chain angle 


_ being 134°, compared with 140°: the good agreement with the electron dif- 


_ fraction results on the vapour was remarked, although in a later note a tribute 


“containing vessel (expansion coefficient = a), —1 =z = 
an 


_was also paid to Fredenhagen.® 


Long, Hildebrand and Morell* expressed their results in terms of the 


nR 


sae : ie 
association factor. The gas law can be expressed in the ca G —-. For 


V 


a given quantity of gas, if at a temperature 7’,, and corresponding value n, for 


the number of moles of gas, the gas is completely unassociated, the associa- 


1 


ae 8 ° igh ° 3 
tion factor for any other condition is —* Allowing for the expansion of the 


Piaf. CLE ats). Th 
HA te (l+at ) ; 


data in Table XII were given by these workers, as obtained by graphical 


interpolation from the actual experimental results. They show the variation 
of z with P at a series of temperatures, and also the value of -log K, where 


_K is the equilibrium constant for the reaction 6HF =(HF }e (It is shown that 
: K= Do (Zs 1) ) 


PS(62)° 


TABLE XII. - ISOTHERMS FOR HF AND ~log K FOR 
EQUILIBRIUM 6HF = (HF),. 


°K. | 
273-15 10-78 305 561-5 | 14-45 
| 528 | 
| 492-5 
| 477 
476 
462 
| 457 
| 453 
451 
402 
3785 
639 
596 
ool 
528:5 
528-5 
o11 
506 
501 
498 
436 
407 


: Good agreement is found with Fredenhagen at 305°K. (32°C.); but the 


results are rather higher than his at 299° and 311°K., and reasons are sug- 


_ of the log K values, it is concluded that at the lower temperatures the results 
could be explained by the presence of higher polymers; at higher tempera- 


gested for casting some doubt on Fredenhagen’s results. From consideration 
; 


_ tures lower polymers appear to be present. Thus although the results are 


remarkably well covered by the simple hexameric association, it would appear 
that this is an over-simplification, and the formation of a series of chain 
polymers is a more satisfactory explanation. In a later paper’ this position 
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is pretty well accepted. The plot of log Kagainst : shows a slight curvature: 


neglecting this, the equation is log K = a - 43.65, which agrees well with 


Simons and Hildebrand’s equation over a smaller range, and gives, for the 
formation of one mole of hexamer, // = -40,800 g.-cal. 

The association of hydrogen fluoride was considered from the general 
point of view of hydrogen bonding by Pauling.*® He was able to show reasons 
for the formation of very strong hydrogen bonds by fluorine, on the basis of 
his electronegativity scale, and this is evidenced not only by the association | 
of hydrogen fluoride, but also by the formation of the HF, ion. The ring 
form of the hexameric polymer would be expected to be somewhat more stable 
than other polymers. 

The polymerization of hydrogen fluoride as a ‘chain association’ was 
studied in a number of papers by Briegleb. He pointed out that this is the 
first example of a chain association in the gas phase, using subsidiary 
valence forces. The behaviour of hydrogen fluoride in this respect is like 
that of alcohol and phenol in neutral solvents, but in the vapour phase dis- 
turbing solvation effects do not arise.** From Fredenhagen’s data on vapour 
densities, it is possible to calculate the proportion of the different molecular 
species at each temperature and pressure, and, therefore, the different equi- 
librium constants. Fig 2, from Briegleb, shows the distribution of molecular 
species, as the percentage of the total molecules present having a given 
association number. It appears, for example, that at 28° and 700 mm. the 
distribution is roughly as follows: 


Molecule HF (HF), (HF),. (HF), (HF), (HE),) (ir). (Hr), 
% of total 70 3 D2 de3 4.5 4.2 2.9 2.0 | 


In a later paper’? it was pointed out that 28° had been taken in error in- 
stead of 26°, in Fredenhagen’s results, and the above data are probably 
slightly in error; some corrections were given of other figures in the original 
paper. Inthe generalised polymerization reaction, 

(HF), + (HE) 3s HE) 4 


Pnt1 _ ky n+1) 
PnP 17 


the equilibrium constant is k, (n+1) ~ 


The data of table XIII were given:- 


TABLE XIII.- EQUILIBRIUM CONSTANTS AND THERMOCHEMISTRY 
OF HF POLYMERIZATION, 


ikngn at (P= 208°K T=311°K. | Want i)kg.- cal. | 


23,1380+3-4 
4,409 + 50% 
4,182 + 50% 


4,489 + 50% 
6,036 + 50% 
4,403 + 50% 
4,105 + 50% 


It appears, from the reaction heats, that the formation of the first polymer, 
the dimer, involves a much stronger bond than any later polymers (although 
doubt was subsequently cast on this). The further lengthening of the chain 
by addition of another hydrogen fluoride molecule seems to have about the 
same thermal effect independent of the chain length. 
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Fig. 2, DISTRIBUTION OF MOLECULAR SPECIES (HF )n(=1. 8) 
IN HF VAPOUR AT 28° AND 38°C, — INFLUENCE OF PRESSURE. 
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Briegleb, considering the theoretical interpretation of these results, con- 
cluded that neither quantum-mechanical resonance nor dipole attraction would 
suffice to account for the hydrogen bonding in the polymers.** A model was 
proposed in which the polymer chains are composed of hydrogen ions and 
fluoride ions, and by considering the Coulomb interactions and the polariza~ 
tion effects, it was possible to explain the experimental data. Computed 
results in accordance with the electron diffraction dimensions were obtained, 
and binding energies of the same order as those calculated above. The 
polymer chains were different from those suggested by the electron diffraction 
data, however, in that the hydrogen atoms were not in line with the F- F atoms, 
but in the troughs of the chain: 


& 
& 
see K “ish : 
sf 
H a 


cs 


the chain angle being 135° A generalized treatment of a system showing 
association of the character now under consideration was attempted by Kreuzer, 
and a series of equations developed inter-relating functions of the concentra- 
tion of each molecular species and the heat of association.** Fredenhagen’s 
data were re-examined in the light of these equations, and some doubt was 
cast on the accuracy of the data at lower pressures. It was concluded that 
the mean heat of association was 10+3 kg.-cal. for each associated bond. 
Briegleb then re-examined his results** and considered that in view of the 
doubt regarding the low pressure data, his high value for the heat of associa- 
tion in the formation of the dimer was not proven. It could not be shown 
whether the heat of association was diminishing as the chain molecule in- 
creased in length; all that could be said was that the mean value, of. 10 kg.- 
cal., was about twice the association energy in (R.OH), supermolecules. 
Briegleb has also given other accounts of this work.** It has been seen that 
values had been obtained earlier for the heat of association: thus Fredenhagen 
determined 6-02 kg.-cal. per 20 g. of hydrogen fluoride or 21-0 kg.- cal. for the 
average association factor 3-5. But this involves only 2-5 bonds, so that 
this gives a figure of 8-4kg.-cal. per bond. The results of Simons and Hilde- 
brand give similar figures. 

The model proposed by Briegleb is based essentially on the same as- 
sumptions as Pauling makes... ‘ The hydrogen fluoride molecule resonates 
between the two structures H:F: and H+ F-, with the second somewhat more 
important than the first, so that the bond has somewhat more than onechalf 
ionic character. Similarly the comples ion [HF,]” may be considered to 
resonate among the three structures*® A, B and C.” 


A Ne2i8 F 
isha g iene ers: 
Coe: H :F: 


Pauling’s treatment of the bifluoride ion leads to a model with a linear 
equilibrium configuration of the three ions, with a distance between fluorine 
atoms of 2-32 A., in good agreement with the experimental value of 2-26 A.+ 
0-01. In hydrogen fluoride polymers the distance would be somewhat greater, 
as in fact the electron diffraction work shows, giving the value 2-55 A.+0-05. 


Briegleb’s model, which starts with a Z-shaped dimer, oe is either based 


on a more complex view of hydrogen bonding which may be represented as 
ue os involving very complex bonding for further chain development, or it is 
not based on hydrogen bonding at all. 
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Further theoretical studies of these competing models have been made. 
In one case, the application of classical electrostatics led to a Z-shaped 
model for the dimer,*® with H=- F-F angle 32-5°. It was considered that the 
best H=-F distance to take was 1-007 A., where Briegleb had taken 0-92, the 
energy values being very sensitive to this interatomic distance. It was 
calculated for this model that the heat of association to the dimer was 23-9 
kg.-cal., in fair agreement with Briegleb’s value of 28+3-4 kg.-cal. But, 
as has been seen, Briegleb had later suggested that this value was unre- 
liable, so the argument is inconclusive. Moreover, in this calculation the 
-F-F distance was taken as 2-58A., as obtained in the electron diffraction 
work, but this distance was that between two fluorine atoms with a hydrogen 
atom between them, so that the application of this dimension here seems 
unjustified. Russian workers’? have calculated the energy content of two 


models, one described as a twin, F-H.... pa obviously the hydrogen-bonded | 
chain polymer, the other described as a quadrupole, i ea very similar to the 


Briegleb-Gloc.ler model. It was shown that the twin was energetically the 
more probable model, and that this would associate further. 

Ginell developed mathematically a theory of association of monomeric 
“substances to polymer chains, assuming that the addition of monomer mole- 
cules to polymer chains (and the reverse) was the only process of importance, 
addition of partially polymerized molecules being negligible. The results of 
the theory were applied to the vapour density determinations of Hildebrand, to 
‘calculate the equilibrium constant and thence the heat of reaction. The 
values first obtained** were corrected in a later note.*® The average value 
AH was 5842 g.-cal. which may be compared with 7406 g.-cal. calculated by 


alternative treatment, and with COP" 6,700 calculated by Long et. al., above. 


The dipole moment of hydrogen fluoride, it has been suggested, should be 
high relative to those of the other hydrogen halides, because of the tendency 
to association.”° Actual measurements on the vapour were carried out, and 
‘at pressures such that association was negligible, a mean value of 1-91 Debye 
units was obtained between 32° and 100°C.** Attention was drawn to the 
identity of this value with Pauling’s electronegativity difference, and it was 
concluded that the hydrogen-fluorine bond in hydrogen fluoride monomer has 
43% ionic character, compared with the 60% estimated by Pauling. In this 
work a series of readings was taken at varying pressures below those at 
which association began to occur, and the capacity~pressure curve was 
extrapolated to 760 mm. to give a capacity figure from which the dipole 
moment of the vapour at 760 mm. could be calculated. In later work, actual 
measurements at higher pressures were made, and aftera preliminary announce- 
ment”? the results were later reported more fully.2* The dipole moment in- 
creases greatly with the pressure, as is shown by the selected values given 
in Table XIV (fuller data are given in the original paper). 


TABLE XIV.- DIPOLE MOMENT OF HYDROFLUORIC ACID VAPOUR 


IN DEBYE UNITS 
Pressure 
m 


Dipole Moment at given Temperatures, °C. | 


m, | 23-1 | 25-2 | 31-3 | 38-5 | 48-35 | 59-70_ 
50,1) 1-91 
25 | 


500 
700 
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It is considered that a ring-form hexamer would have zero dipole moment 
while Briegleb’s model would show dipoles of 0 with an even number of 
hydrogen fluoride units in the polymer, and 1-91 with an odd number of units. 
For the high dipole moments found, more or less linear polymers, as indicated 
by electron diffraction of the vapour and X-ray studies of the solid, must be 
formed. For this model, the dipole moment was in little less than linear 
proportion to the degree of association. Estimates of the association factor 
made from the dipole moments obtained were greater than those derived from 


vapour density measurements. The ratio of these — 
association factor from dipole moment 


association factor from vapour density 

~ increased with rising pressure and with falling temperature. It was considered 
that the best explanation of this difference was the formation of a certain 
proportion of ring polymers with zero moment: this led to the suggestion that 
association in hydrofluoric acid vapour consists in the formation of a succes- 
sion of chain polymers, with appreciable amounts of ring polymers formed from 
the hexamer. This was again brought out in a later paper,** where it was 
suggested that, from a quantum mechanical point of view, the relation between 
the polarization measured in these studies and the dipole moment should be 
given by an equation different from that already used, and that the corrected 
figure should be 1-98, instead of 1-97 as given by the classical equation. 
Glockler’s version of the Briegleb dimer model is criticised, as it fails to 
explain the experimental results. 

Measurements have also been reported of the dipole moment of hydrogen 
fluoride in solution in carbon tetrachloride, normal pentane, benzene and 
1:4-dioxan (together with other hydrogen halides).75 It is concluded that the 
the probable value of the dipole moment for hydrogen fluoride is 1-9 — 2-0 
Debye units, and the partial ionic character of the bond is calculated. Posi- 
tive solvent effects appear, and in dioxan an incipient ionization is shown. 
The abnormality of hydrogen fluoride and other polar liquids has also been 
shown by a mathematical treatment of models of the molecules.*® 

Pauling*® explained the anomalously high melting points and boiling 
points of ammonia, water, and hydrofluoric acid as being due to hydrogen 
bonding, and this question has also received further consideration.?” The 
properties of the hydrides of the later elements in Groups V, VI and VII of the 
periodic table were extrapolated to give the ‘normal’ properties of the elements 
in the first series, i.e. the properties to be expected if no association occur- 
red. For hydrogen fluoride the following properties were estimated for the 
unassociated compound 


Melting point: 132°K. 
Boiling point: 137°K. 


Total latent heat of sublimation 
(Latent heat of melting and evaporation): 3-23 kg.-cal./mole. 


Long, Hildebrand and Morell* studied the polymerization of deuterium 
fluoride as well as hydrogen fluoride. Their results, in terms of association 
factors, are given in Table XV. 

There was slightly greater polymerization in the case of the deuterium 
compound, and the equilibrium constant for the reaction 6DF =(DF), was given 
by log K = ae ~43-65, AH = —41,100 g.-cal. (300 g.-cal. greater than for 
hydrogen fluoride). Later, the concentrations of monomeric hydrogen and 
deuterium fluorides in the vapour were calculated® from the determinations 
already made, and the ratio Pyp/Ppr obtained. The ratio is greater than 
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TABLE XV. - ASSOCIATION OF DEUTERIUM FLUORIDE 


unity, which is taken to indicate stronger association in the liquid phase for 
the deuterium than for the hydrogen compound. This behaviour is similar to 
that of the deuterium and hydrogen compounds in the case of water and am- 
monia. The data are given in Table XVI. 


TABLE XVI.- PARTIAL PRESSURES OF MONOMERIC HF AND DF 


The effect of hydrogen bonding makes itself felt not only in the associa- 
tion observed in the vapour and in the anomalies of the liquid, but it will be 
seen also that the behaviour of the aqueous acid is best explained by a 
reversible polymerization to the dimer stage. Whilst the monomer is a weak 
acid, the dimer is a stronger monobasic acid, so that the unionized molecule 
H,F, does not exist in solution, only the ion HF,°. Thus the salts formed: 
from this acid, such as KHF.,, are very stable, as shown, for example, by the 
low partial pressure of hydrogen fluoride over them (see page 24). 

The thermodynamics of the system KHF, - KF - HF have been examined. ”® 
The F - F distance, at 2-26A., is much smaller than the corresponding distance 
in other hydrogen bonds, and it is shown that the potential energy curve for 
the proton has a single minimum, half way between the two fluorine atoms, a 
behaviour that is probably unique. Regarding the HF, ion as one of the 
most stable structures arising from hydrogen bonding, it ‘has been shown that 
electrostatic forces are adequate to account for its stability.7° At an earlier 
date, an X-ray study of the crystal structure of NaHF, gave a figure of 1-254. 
for the F-F distance,*® which is higher than the figure now accepted. The 
solubility of sodium fluoride in aqueous hydrofluoric acid has been deter- 
-mined;** the reduction in solubility in the more acid solution is attributed to 
the formation of bifluoride ion. (The solubility of potassium bifluoride is 
very much less than that of potassium fluoride. )** 

On the other hand, the suggestion has been made that ionization to H,F* 
and F may occur, z and, in support of this, that complexes with other acids 
are, e.g. (FH,)* GOP, (FH,)* BES; (FH,)* SO,H .** Later it will be seen 
that whilst pure hydrofluoric acid has a low conductivity, high conductivity 
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is developed by the addition of many solutes, e.g. potassium fluoride. Con- 
sidering the stability of the ion HF3, there can be ‘little doubt that this con- 
ductivity is due to a dissociation: KF + HF —» KHF, =~Kt + HF}. But 
if the ion (H, F)* could also be formed, hydrofluoric ein itself should be a 
conductor owing to the dissociation 3HF == (H,F)* + (HF,)°, and that this is 
not so militates strongly against any ‘dealer of an (H,F)* ion. 
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THERMOCHEMISTRY 


| The heat of formation of hydrofluoric acid from the elements was directly 
determined by von Wartenburg and Fitaner.* A correction was applied for 
the degree of polymerization of the gas, based on Simons and Hildebrand’s 
data, and a gw obtained, for the heat of formation of monomeric hydrogen 
fluoride gas, Q,,,. = 63-0 kg.-.cal. From determinations of the heat of reaction 
of fluorine pad aise chloride, 4F,+ NaCl — NaF + “Cl, + 39-3 kg.-cal., 
and of the heat of solution of gaseous hydrogen fluoride in water, and other 
known data, a value Q,,, = 65-0 kg.-cal. was obtained by the same workers. 
A direct determination CHE Ruff? gave 62-3 kg.-cal., but a later paper*® pointed 
out an error in von Wartenberg’ s calculation of the correction for the heat of 
polymerization, and correcting this, the above figures of 63-0 and 62-3 be- 
came 63-8 and 64-2 kg.-cal. Von Wartenberg’ s value based on the fluorine- 
salt reaction was criticized because.of etching of the glass used; this 
criticism was not accepted by von Wartenberg, but he thought it desirable to 
determine the heat of reaction at a temperature where no correction for the 
heat of polymerization was necessary,* and so the measurements were re- 
peated at 100°C. the fluorine being made in a high temperature cell, passed 
over sodium fluoride to remove hydrogen fluoride and then through a tube 
cooled in liquid oxygen to remove carbon fluorides and residual traces of 
hydrogen fluoride. The reaction was carried out in a platinum vessel, and 
sparking was necessary to ensure reaction. The specific heat correction 
from 20° to 100° was estimated to be negligible, and the final value was 
Qu = 64:45 + 0-1 kg.-cal., which, it was pointed out, was the mean of the 
previous direct values and that based on the sodium chloride reaction. 
Attempts have been made.to obtain a value for the heat of formation from 
E.M.F. measurements. Simons and Hildebrand tried to measure the potential 
of a H,/F, cell but were unsuccessful because, in a solution of potassium 
fluoride and hydrogen fluoride, graphite disintegrated and they were unable 
to find a metal suitable for use as a fluorine electrode.* Morgen and Hilde- 
brand measured the decomposition voltage of fused potassium bifluoride, and 
calculated a value Q;,, = 33.6 kg.-cal.;° the voltages measured were ob- 
viously far too low, however, being about 1.5V. A break at about this figure 
has been observed in the electrolysis of aqueous fluoride solutions (see p. 
133) and has been attributed to the decomposition of water. Fredenhagen and 
Krefft’? bubbled hydrogen and fluorine over platinized platinum electrodes 
immersed in anhydrous hydrofluoric acid at 0°, a little potassium fluoride 
being added; the voltage of this primary cell was 2.768, whence a value of 
Qur = 62:63 kg.-cal. was calculated, in very fair agreement with the direct 
value. The heat of activation in the reaction of hydrogen and fluorine has 
been discussed.® Efforts have been made to determine the dissociation 
energy. An early value, based on quantum considerations, of 33-3 kg.-cal. 
was anomalous; the same method gave 316-5 for fluorine. Later, from 
consideration of band spectra, a value of 172 kg.-cal. was obtained.*° Taking 
Dy, = -103, Dp, = -38, and Qyr = 64, the value for Dyp is -135 kg.-cal. 
In discussing the association of hydrogen fluoride reference has already 
been made to the ionic character of the valency bond, and further cons ider- 
ation has been given to Pauling’s views on this question.” The polar 
character of the bond has been adduced to explain the observed exchange 
between fluorine and hydrogen fluoride,** which is less than with chlorine 
and hydrogen chloride. In the latter case the exchange is a rapid and homo- 
_ geneous reaction through the formation of an intermediate complex HCl,, 
whereas the polarity of the H=F bond tends to keep the one fluorine atom dis: 
tinguished from the others in any such complex and therefore reduces the pos: 
sibility of fluorine exchange. The bond lengths in the hydrogen halide mole- 
cules have been calculated by the valency bond method;** they are all 
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shorter than the sum of the covalent radii, and the contraction is greatest in 
the case of hydrogen fluoride, again because the bond is more ionic in char- 
acter. Further examples of the influence of this ionic character have been 
cited.*4*'5 The energetics of the hydrogen fluoride molecule, in comparison 
with neighbouring hydrogen compounds, has been considered.*°*” The relat- 
ion between effective diameter and molecular structure in the series Ne~HF- 
H,O-NH,-CH, has been studied*® and the data of band spectroscopy applied 
to establish the internuclear distance, with the force constants, for hydrogen 
fluorides and other hydrides.*” This question is further pursued under spec- 
troscopy (see page 218). 
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Freezing points in the aqueous hydrofluoric acid system have been deter- 
mined:" the results are shown in Fig. 3, and the data are given in Table XVII. 


pe BhE XVI.- FREEZING POINTS OF AQUEOUS HYDROFLUORIC ACID 


0-00777 
0-0564 
0-0809 
0-1565 
0-216 
0-265 
0-276 
0-307 
0:321 
0-371 
0-403 


eutectic 
H ,0- HF 
HF 


N_ KN 


HF mole i - Solid HF' mole Temp. Solid 
fraction Phase fraction ale Phase 


H,O.2HF 
H,0.2HF' 
H,0O.2HF 
H,O. 2HF 
eutectic 
H,0.4HF 
H,0.4HF 
H,0.4HF' 
H,0.4HF' 
Hs 0. 4HF 
eutectic 


0-478 
(0-500) 
0-515 
0-575 
0-627 
0-675 
0-685 


HF 
HF 
HF 
HF 
HF 
HF 
HF' 


iS} 


N_N_N 


rq 

i) 

Og 

2g’ 000% 
ot > 

] 


pod ed bod bot rt bt bp td 
ODDOD00000% 


aopesmesmargenpacnermasgen 
Px] ay ay ay ey ay ay a] yy 


NS 


Data were given earlier for the more THe end of the system up to 8% 
hydrogen fluoride,” and some of these are given in Table XVIII. 


TABLE XVIII.- FREEZING POINT LOWERING IN DILUTE HYDROFLUORIC ACID 


The activity of tonic species as calculated from these results is consid- 
ered later. It is seen that three compounds are formed, of which H,O.HF had 
been previously identified, with a reported melting point of -35°C. compared 
with -35-4° in this work. The second compound, H,O.2HF, not so clearly 
defined, is new, as is the third, H,O.4HF, with a melting point of -100-4°C 
It is pointed out that the existence of two compounds with an excess of 
hydrogen fluoride, whilst there are none with an excess of water, harmonizes 
with the view that hydrogen fluoride tends to a more complex polymerization 
than does water. The existence of a compound HF.9H,O, suggested in the 
original work (Mellor, II, 131), was not confirmed. Evidence for the existence 
of the compound H,O.2HF has also been found in a function derived from the 
density.’ 

The densities of solutions up to 54% hydrogen fluoride are given in 

Table XIX.‘ 


‘ 
f 


f.p. lowering, OC, 


TABLE XIX.- DENSITIES OF AQUEOUS HYDROFLUORIC ACID 


wt. HF 15-06 [10-1 [15-3 20: 0-25 26-4 


dys g./cc 1-017/1-035] 1-054|1-072 2| 1-097] 1-1 


The author points out that in the earliest results ae available, 
those of Eckelt (1898), there was complete absence of experimental details. 
Winteler (1902) worked in platinum and obtained results in good agreement 
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Temperature °K. 
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HF concentration WT % 


Biogas E REEZING POINTS OF AQUEOUS HYDROFLUORIC ACID SOLUTIONS 


120 | 


Temperature °C. 


A. HF content of liquid, Munter, Aepli & Kossatz (9) 


Be iz Fredenhagen & Kerck (8) 


» »» vapour, Munter, Aepli & Kossatz (9) 


100 P80 60 40 20 0 
, HF concentration WT% 


Fig. 4. BOILING POINTS OF AQUEOUS HYDROFLUORIC ACID 
SOLUTIONS AND COMPOSITION OF THE VAPOUR 
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‘with the above up to a concentration of 30%, but found appreciably lower 
values at higher strengths. In obtaining the above data, a special dense 
bakelite vessel was used and care was taken to show that it was constant 
in weight and inert to hydrofluoric acid. The acid used was made from 
Frémy’s salt and was of high purity. 
The magnetic rotation of hydrofluoric acid (39%) has been determined in 
a fluorspar vessel. The molecular magnetic rotation for hydrogen fluoride, 
calculated from these determinations, is 1-30 x 10°75, which is less than that 
of all other substances except neon and possibly helium.* The X-ray absorp- 
tion of 8N. solutions of hydrofluoric acid has been determined, but gives no 
indication of the structure.° 
A number of results on the boiling points and vapour pressures of aqueous 
hydrofluoric acid have been published. In an early result’ the composition 
of the constant boiling mixture was given as 38-18% hydrogen fluoride and the 
boiling point as 110*8°C. at 732 — 735 mm. of mercury, the density of this 
acid at 20°C. being 1-138 g./c.c.; later results give slightly different values, 
111-35° at 35-64% and 760 mm;*® 112-0° at 38-26% and 750 mm.* The boiling 
point-composition data of Fredenhagen and Wellmann’*® have been criticized, 
and as in a later paper by Fredenhagen and Kerck® very different results are 
given, the earlier results may perhaps be ignored. It is said that in the 
region of 55 to 80 mol. % of hydrogen fluoride it was difficult to attain steady 
boiling: superheating of the whole liquid to as much as 20° above the boiling 
point occurred, steady boiling could be secured only by very careful heating, 
and even then the boiling point varied as much as 1°. It is in this region 
that the greatest differences from the earlier results of Fredenhagen and 
Wellmann were observed. The results are given in Table XX. 


TABLE XX.- BOILING POINTS OF HYDROFLUORIC ACID SOLUTIONS 


Moles H,O/1000g.HF']667 [384 204 164 154 138 113 100 
|Mole % AF 6-98} 11-52] 19-70] 23-32] 24-46] 26-63 | 30-62] 33-26] 40-48 
Bp. °C. 101-45 |10 2-83 |106-05 |107-55 |108-60 |108-80 [110-93 |111-34 |111-10 


Moles H,O/1000g.HF']] 66-1 | 53-8 | 45-0 | 39-7 | 35-0 | 31-3 | 25-7 | 24-7 | 20-85 

Mole % HF 43-08] 48-19] 52-66 | 55-78] 58-86] 61-51] 66-09] 66-99} 70-39 
p.p. °C. 109-90 }106-00 |100-6 | 85-5 | 79-5 | 86-5 | 74-6 | 68-5 | 62-3 
Moles H,O/1000g.HF}} 18-05] 12-88] 10-93] 6-01] 5-64] 4-72] 4-5 4-0 3°5 

Mole % HF 73-48] 79-55] 82-07 | 89-28] 89-87] 91-38 | 91-80] 92-06} 93-04 | 
COC. C 58-5 | 44-5 | 46-05} 32-12) 28-3 | 29-5 | 28-95] 27-92] 26-89 

3-0 2:5 2°0 1-5 1-0 0-75} 0-5 0- 0-3 | 

94-03] 95-02] 96-01} 97-00] 98-00 | 98-50 | 99-00} 99-20} 99-40} 

25-9 | 24-89] 23-88 | 22-87] 21-86 | 21-14! 20-81) 20-58) 20-35) 

0-2 0-1 0-05; 0 

99-64} 99-82} 99-91 [100 

20-10} 19-84) 19-70 | 19-54 


Moles H,O/1000g.HF 
Mole % HF 
D.p. °C. 
Moles H,O/1000g.HF 
|Mole % HF 

A series of observations has been made by Russian workers of the partial 
pressures of water and hydrofluoric acid vapours over various solutions and 
at various temperatures,’* and the results are given in Table XXI. 

The partial pressures of water and hydrogen fluoride at different tempera- 
tures and for acid strengths up to 29-7% have been expressed in the following 
equations where w = weight per cent. of hydrogen fluoride in solution.’? 


Bp. °C. 
25°C., log (py + 0-172) =-0-72956 + 0-031541w and 
log (34-14- Pu,o) = 1-00817 + 0-010473w 


40°C., log (Piss + 0455) =-0-31390 + 0-03489w and 
log (70-95 - Puyo? = 1-20161 + 0-013532w 
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COAG. los (Pup + 1-465) = 0-18759 + 0-033478w and 
log (212+1 = py 9) = 1-7957 + 0-01029w 


She en log (Pup + 3-012) = 0.50190 + 0-033194w and 
log (3683 = py 4) = 149076 + 0-013475w 


TABLE XXI.- PARTIAL PRESSURES OF H,O AND HF OVER AQUEOUS ACID 


Concentration HF’ mm. mm. |. mm. 
We. % EHE bye sHOpelintotal 
15-43 


11-37 
15-70 


49-51 
45-93 
44-52 
40-30 


83-21 
77°16 
70-17 
60-08 © 


47-50 
56-14 


131-99 
119-12 
108-63 

83-31 


268-97 
248-08 
243-95 
248-65 
217-59 
220-66 
| 177-69 


The results were obtained by the dynamic method, dry air being saturated 
- with vapour over a solution of known composition and then passed through an 
absorption train so that the amounts of hydrogen fluoride and water could be 
determined. The authors do not say how the weights so obtained were con- 
verted to partial pressures; if this involved the assumption of perfect gas 
behaviour, some demonstration of the validity of the assumption would be 
desirable even though the partial pressures were low. The-liquid-vapour 
equilibrium at the normal boiling point over the whole range of compositions 
has been determined? using an equilibrium still method, and in this case the 
vapour compoSition is given as a percentage by weight of the constituent. 
The results are given in Table XX, the normal boiling point being the 
corrected figure at 760 mm., from the observed boiling point and barometric 
pressure. 

The boiling points are plotted in Fig. 4, together withthose of Fredenhagen 
and Kerck referred to in Table XXII The authors have later reported the 
vapour compositions at lower temperatures,’* determined by the dynamic 
method: on plotting log p against 1/T the results give good straight lines 
which extrapolate to the figures given in Table XXII for the composition at 
the normal boiling point. Expressing the data in the form of equations, 
A 


108 Pima 2 i 


the values of the constants A and B at different strengths are given in Table 
X XT. 
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TABLE XXII.- LIQUID AND VAPOUR COMPOSITIONS AT THE NORMAL 
BOILING POINT FOR HYDROF'LUORIC ACID. 


Composition, wt. %HF 


Liquid | Vapour 


The authors point out that the vapour pressures for water in the 70% acid 
are less reliable as this is the limiting concentration which can be studied 
by this method. They note that their results are lower than those of Freden- 
hagen and Wellmann, and when plotted on a semilogarithmic scale against 
1/T are more regular, and somewhat greater, than the results of the Russian 
workers reported above.** The results are also rather lower than the values 
for 10 and 20% solutions calculated from the work of Brosheer et al.** though 
at 30% the agreement seems good. The relation between the partial pressure 
of hydrofluoric acid in the vapour and the acid strength at different tempera- 
tures has been expressed in the form of a nomogram (Fig. 5)** based on the 
results of Brosheer et al.'? and others.*5 A mechanism for the formation of 
azeotropes of the type of hydrofluoric acid has been suggested,*® and a theory 
relating the vapour pressure curves to volume changes on mixing and to heat 
of mixing has been proposed.*” Attention may be drawn here to the deter- 
mination of liquid-vapour compositions in the system comprising aqueous 
hydrofluoric and hydrofluosilicic acids®*?** which will be dealt with more fully 
under Silicon. 
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300 100 30 
Partial Pressure-HF, mm. Hg 


Temperature, °F. 
40 60 


Fig. 5. NOMOGRAM FOR VAPOUR PRESSURE OF HF 
OVER AQUEOUS HYDROFLUORIC ACID SOLUTIONS 


The following determinations of specific heat have been reported. 


(1) Mulert, reported by Mellor (II, 131): 


wt.%HF 5.0 1508 13.26 20.0 25.92 

sp. ht. - 0.947 0.925 0.875 0.840 | 0.798 
(2) Ray:*® 

wt. ZHF 10 20 30 34.6 

sp. ht. 0.908 0.838 0.756 0.724 


The acid used had 34.6% HF, 0.88% SiO,; weaker acids were made by dilution 
of this. | 


(3) Roth and Chall:*® 20.99% HF (HF + 4.181 H,O) 


at 50°C. sp. ht. 0.8719 g.-cal./g. 
20°-50°C. sp. ht. 0.8653 g.-cal./g. 


(4) Pranschke and Schwiete:”° true specific heats at 18°-£ 1 
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wt. ZHF = 9-81 20-1 32°8 40-7 
sp. ht. 0-914 0-856 0-801 0-768 


(5) Roth and Becker:** true specific heats at temperatures between 19-2 
and 20-4°C. 


wt. %HF 00-2077 # 1-043 1-720 5-146 10-237 19-827 
sp. ht. 0-9952 0-9875  0-9832  0-9590 0-9148 0-8607 
pC: 19-7 19-2 20-0 19-4 19-2 20-4 


(6) Roth et al.?? give interpolated results at 20°C. based on (5). 
(7) Thorvaldson and Bailey:** mean specific heats, 18— 20°C. 


wt. %ZHF ‘ 

0-551 1-086 1-459 2-173 5-26 10-02 14-96 19-97 25-10 34-95 48-13 
sp. ht. | 

0-9956 0-9919 0-9882 0-9824 0-9596 0-9258 0-8917 0-8603 0-8294 0.7734 0-7185 


The last determinations, made with an acid of high purity, were carried 
out with great care. The authors comparing their results with (1), (2), and 
(4) above, but, surprisingly, not with those of Roth, found that (1) and (2) 
were rather similar but about 3% low at 10% HF and 6% low at 30% HF, whilst 
(4), in agreement at 25% HF, was 1-3% low at 10% and 2:9% high at 40% HF. 
They remarked that in mostcases insufficient details of experimental methods 
and results were given. The results of (5) are in better agreement though 
in general a little lower, the average difference being 0-38%. It is interesting 
to note that the results of Roth and Becker, not having been published in any 
scientific journal, are not cited in the abstract journals and are therefore lost 


TABLE XXIV. - HEAT OF DILUTION OF HYDROFLUORIC ACID 


Heat of Dilution (g.-cal./g.-mol) 


from N = 1-796] to N = 500 
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sight of, appearing first in a reference book, Landolt-Bérnstein. Enthalpy 
diagrams have been prepared using published data, that of Vogt”* based on 
the data of Roth et al., that of Tyner?® based on the results of Thorvaldson 
and Bailey. 

Heats of dilution of aqueous hydrofluoric acid are given in Table XXIV.” 
The original acid had 38-22% hydrofluoric acid, i.e. N = mols H,O/20 g. HF = 
1-796. When this acid was diluted to the value of N given in the first column 
the heat evolved per 20 g. of hydrofluoric acid at ‘20°C. was that given in the 
second column, and the calculated value for the heat evolution on diluting 
from the first column value to N = 500 is given in the third column. 

The heat of neutralization has also been determined.?® For different 
dilutions (N = moles H,O/20 g. HF) neutralised with 0-2659 normal, caustic 
soda at 19-5 —19-7°C. the results were 


N 4-491 548 1064 
H, kg.-cal./20g. 17-16 16-86 16-73 


Some further results are given later (pages 116,118). 
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DISSOCIATION OF AQUEOUS SOLUTIONS 


The dissociation of hydrofluoric acid in aqueous solution does not follow 

a simple course. Ostwald’s Dilution Law, which often very exactly relates 
the ionization, as est'mated from the conductivity of weak electrolytes, and 
the concentration, in terms of he law of mass action, fails in this case. The 
oR OS tae 

value of Kealculated from US ERE 
range of concentrations, but this 1s not so for hydrofluoric acid. In this case 
the value of K calculated from the conductivity falls as the dilution increases, 
and it has bedn said that no other acid offers any analogy.* This behaviour 
was discussed by Mellor in the original Treatise (II, 132), and it appeared that 
the proposal advanced by Pick in 1912 offered an explanation. The equili- 
brium constant calculated from the conductivity results of Deussen did appear 
to reach constancy at high dilutions, and the higher values obtained from less 
dilute solutions were attributed to the onset of another reaction, HF + F = 
HF,. At high dilutions this equilibrium lies entirely over to the left and, the 
ions Ses being then preponderantly hydrogen and fluoride, the equilibrium 
constant for the reaction HF = Ht+F can be determined from the conductivity 
data. Pick gave a figure of 7-2 x 10™* for this constant at 25°C.,and showed 
that by taking a value for the equilibrium constant of the second reaction, 


[HF,| | 
fanless 


he could account for the conductivities observed. Auméras redetermined the 
conductivity, however, and could find no constancy in the value of K at high 
dilutions,77»* He suggested that the contamination of the acid used in the 
eatlier experiments with hydrofluosilicic acid, as admitted by Ostwald, might 
account for the difference between his results ‘and Pick’s. Further determine: 
tions by Fredenhagen and Wellmann* gave values of K fitting nicely between 
those of Ostwald and of Deussen but, at higher dilutions than previously 
reported, showing a continued steady decline. Later work by Roth’ gave 
rather a smaller rate of decrease of K at intermediate concentrations so that 
the approach to a constant value of K was not so good as in some of the 
earlier work. Irregularities were observed in dilutions greater than 5000 1./ 
g.mole. Fig, 6 shows the results of these workers on the variation of K with 
log,ov, (where v is the dilution, in litres per g.-equivalent). In this figure 
are also shown the results of Hill and Sirkar* which were obtained at 18°, 
most of the others being at 25°, but this temperature difference would not 
account for these extremely low values. Two curves of Roth’s are given, for 
18° and 20°C. Although the logarithmic plot drastically shortens any plateau 
on the right hand end of the curve and exaggerates the later rate of decline in 
Fredenhagen and Wellmann’s results, it shows up the general lack of agreement. 
Even though it may be suggested that in the most widely varying results some 
serious error must have occurred, there is still considerable scatter amongst 
the other data. No explanation is available of the greater ar the lesser 
variations shown. In the conductivity data on which this diagram is based, 
those of Ostwald and of Deussen are as re-calculated by Fredenhagen and 
Wellmann, those of Hill and Sirkar are as given in Landolt-Bérnstein. The 
equivalent conductivities from which K has been calculated are given (for the 
later workers only) in Table XXV. 

The problem has been investigated from other angles also. Hudleston and 
Davies® measured the transference numbers of the ions in various strengths of 
hydrofluoric acid, and writing a series of equations for the various molecular 
Species present, were able to solve these equations by using also existing 


is in many cases constant over a wide 
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1. Ostwald (4) 


2. Deussen (4) 


3: Hill & Sirkar (5) 


4. Auméras (2,3) 


5. Fredenhagen & Wellman (4) 
6a. Roth (20°C.) (1) 
6b. Roth (18°C.) (1) 


K x 104 


0 | 1-0 | "2-0 , | 3-0 4-0 
Log. Dilution 


! 


Fig. 6, EQUILIBRIUM CONSTANTS FOR DISSOCIATION OF AQUEOUS 
HYDROFLUORIC ACID SOLUTIONS (FROM CONDUCTIVITY DATA) 
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TABLE XXV.- VARIATION OF EQUIVALENT CONDUCTIVITY WITH 
CONCENTRATION OF AQUEOUS HF 


e Steeac® Wellmann* 
t = 18°C. 
GOMES eren aes oA 


28>71 
30-86 
36-90 
40-63 
42-51 
58-08 
75-04 
113-29 


212-2 


conductivity data (eussenteh They obtained the results shown in Table 
DX VE, 


TABLE XXVI.- COMPOSITION OF HYDROFLUORIC ACID SOLUTIONS 
(HUDLESTON AND DAVIES, 1924) 


Dilution, v | 
[F-] g.-mols/1. 

[H+] g.-mols/1. 
- |[ HF,"] g.-mols/l. {10-0999 | 0.0475 0.0094 
2 g.-mols/l. || 1-7883 | 0-8937 | 0-4466 | 0-2222 0.0535 


| a oe 


se . 

In this work K, = ¥ JE" was taken as 7-4 = 10°*, and the value of K, = 
[HF,7] [HF] 

[HF](F-] hardly shows a satisfactory constancy. The mobility of the HF, 


ion was about 75. Arising from this work, the freezing point lowering was 
determined’ and found to agree with the solution composition previously 
calculated, — 

Auméras, as has been seen above, could not obtain any constant value 
for K. He used a chemical method, the influence of strong acids on the 
solubility of calcium fluoride, to determine K,, and thus found 1-67 x 10°* at 
25°C., very different from Rick's* 7-2 x 10°*. He showed, however, that if 
complex formation in aqueous solutions led to the formation of HF,” ions, his 
chemical method would mask this equilibrium if the equilibrium constant for 
complex formation, K, above, were less than 20.° 
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Numerous methods have been used to determine, or estimate, the hydrogen 
ion activity or concentration. Hudleston and Wynne-Jones determined the 
e.m.f. of a hydrogen electrode in various strengths of acid;°’ the activity of 
hydrogen calculated from the results was greater than the hydrogen ion con- 
centrations calculated by Hudleston and Davies® in acids stronger than 0-4N; 
this anomaly was possibly due to an error in a liquid junction potential. The 
activities in higher concentrations of acid were determined fom measurements 
of e.m.f.s against a quinhydrone electrode by other. workers.’ 


Molality m, g.-moles HF/ 1000 g. solution 3-485 33°5 
Activity of hydrogen ion, ay+ 0-3715 6-0 
Activity coeff. y = ay;+/m=degree of dissocn. 0-106 0-179 


These results are in stronger acids than concern the present discussion. 
Roth, whose conductivity studies have already been referred to, also used an 
indicator method for the determination of hydrogen ion concentrations.** For 
these essentially visual studies the vessels and the technique to be employed 
presented a problem. In calorimetric work on aqueous hydrofluoric acid it 
had been found that waxed glass was not completely satisfactory as there 
was slight penetration of the wax and attack on the glass. The indicator 
studies were therefore carried out in platinum and observations were made by 
reflected light. The hydrogen ion concentrations at 19°C. were in very good 
agreement with those determined by Hudleston and Davies at 25°C. and given 
in Table XXVI above. The work was later repeated more accurately,’ but 
this time using transparent vessels of ‘Plexiglas’, a polymethyl methacrylate 
product available commercially which resisted hydrofluoric acid very satis- 
factorily and with which it was possible to use transmitted light. The in- 
dicators used were methyl-violet, Tropaeolin OO and other similar compounds, 
and an interesting demonstration was given of the strong temperature depend- 
ence of the dissociation. If a very dilute solution, coloured with the indicator, 
was heated to 30° in a tube the lower end of which was cooled in ice, a clear 
difference in colour between the upper and the lower end was observed, the 
cooler end being more acid. 

The results, variously referred to as hydrogen ion activities and hydrogen 
ion concentrations, and now given at 15° and 25°C. were again in fair agree- 
ment. Roth calculated the value of K from these results, assuming (as in the 
calculation of K from conductivities) that the only species to be considered 
were H+, F° and HF. In this case 


K nr: 


é. (m - ay; +) 


where m is the molality. 


The results are given in Table XXVII together with the earlier results obtained 
at 19°C. (molalities having been converted to dilutions, v). 


TABLE XXVII.- HYDROGEN ION CONCENTRATIONS BY INDICATOR METHOD 
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30 


4 ae 


20 


Kx 07” 


Conductivity results 
18° (1939 
20° ) 
2 19°(1937) [15° (1939) 
Indicator results 
25° (1939) 
0 
0 me 2:0 30 
Log. Dilution 


40 


Fig. 7, EQUILIBRIUM CONSTANTS BY INDICATOR METHOD 
AND CONDUCTIVITY METHOD COMP ARED 
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The values of K are plotted in Fig. 7 and Roth’s values for K from the 
conductivity are also shown. There is as little tendency for the later results — 
to approach constancy as there is for the conductivity values, and there is no 
apreement between the two sets of results. 

Among later results, it has been stated** without any experimental details, 
that in connection with the experimental work on the dissociation of aluminium 
fluoride, the following equilibrium constants were calculated from potentio- 
metric measurements at 25°C. 


Gr xra nae 
it 7 ‘HF 
Brome Sat Urea cain gas 
HF HF Ps 
and from measurements at constant ionic strength, 
Cx Gree Cee 
19 a F HF 
——_—__——- = 1.22x 10°; -—— = 4.8 
HF Cur XCr- 


Measurements have been made** of e.m.f.s of cells of the type Pb(Hg)| 
PbF,(s)|HF(m,)|NaF(m,)|H,(g): and Pb(Kg)|PbF,(s)|HF(m)|H,(g). From the 
results, equations were obtained relating possible values of Pick’s equili- 
brium constants, K, and K, and hydrogen ion activities g, and by inserting 
numerical values of q, a plot relating K, and K, was obtained. For four 
different solutions, four different lines were obtained at each temperature, 
which should intersect in one point giving the actual values of K, and K,. 
There are six possible intersections and these, in the example given, are 
rather widely spread. The values preferred by the authors are: 


15° 257 Sie 
10* K, 7-93 + 0-10 me WI 5-64 
K, 3-94 + 0-10 3-86 4.32 


Results are also given for activity coefficients of hydrofluoric acid at these 
temperatures and over a range of concentrations. The term ‘unilateral triple 
ion formation’ has been used to describe the case where a single ionic equili- 
brium of the type B” + AB == AB is superposed on the simple ionization of 
AB, this being distinguished from the case in which the equilibrium At + AB= 
A,B* also occurs.** The data of Hudleston and Davies were subjected to 
further analysis and correction, and their conclusions confirmed. Using 
Deussen’s conductivity data, and introducing activity and mobility coefficients, 
the following values of the equilibrium constants were obtained: ) 


0° 25° 
10* K, 10-95 6-89 
K, 282 3-12 


It was concluded that the possibility of unionized H,F, being present in 
solutions weaker than n = 1 was excluded, and that this indicates either that 
H,F, is a strong acid or that the addition of a second proton to HF} weakens 
the hydrogen bond or, possibly, that both propositions are true. This work 
took no account of the results of Fredenhagen or of Roth, and does not help 
to clarify the problem of dissociation in hydrofluoric acid. 

The thermochemistry of the dissociation processes has been studied by 
Roth and his co-workers. The heat of neutralization of solutions of strength 
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between N/10 and N/20 was found to be 3-3 kg.-cal. greater than the heat of 
dissociation of water;'? as in these solutions there is little dissociation, it 
was concluded that this difference represents the heat of dissociation of 
hydrofluoric acid. With this figure, and the values already obtained for the 
heats of dilution (see page 109) it was possible to calculate the degree of 
dissociation, and thence the value of K, again assuming only the simple pro- 
cess HF = H*+Fto occur. Over a range of dilutions from v = 1 to v = 13, 
K was taoderataly constant, varying between 2-15 x 10°* and 2+35 x 10%, with 
an average value of 2+2 x 10 “4 but this does not agree with values of K derived 
by other means, and in more dilute solutions K was increasing rapidly. 


From the temperature variation of the values of K from conductivity mea- 
surements, the heat of the overall dissociation was calculated to be 2-8 
kg.-cal., which is in good agreement with the figure of 3-3 kg.-cal. obtained 
from the heat of neutralization; but in view of the lack of any constancy in K, 
the result was considered uncertain. From the variation with temperature of 
the values of K from hydrogen ion activities (indicator method), a heat of 
ionization of 6-2 kg.-cal. was calculated. Again, however, K had been 
averaged over a wide range, and the authors said the figure had no real signi- 
ficance. 

Roth’ also attempted to calculate K, and K, in order to obtain heats of 
reaction for the separate reactions. It has been seen that Hudleston and 
Davies measured transference numbers, and in calculating the solution com- 
position and K,, assumed K, = 7-4 x 10°*. More recently*® cell e.m.f.s have 
been measured and a graphical method used to find the most concordant values 
of K, and K,, from which solution compositions can be calculated. Roth 
formulated equations by which, from his experimental determinations by the 
indicator method, he could find the variation of K, and K, and sought the 
value of K, which gave the least variable K,. If K, Was |too great, e.g. 7 x 
10°* as decd by previous authors, [F~] was preater iia [H’], which is impos- 
sible. The more concentrated solutions always gave impossible values for 
K, (either the determination of [H’] was in error, or, more: probably it was 
Eonsidered, the assumption that only two equilibria are involved was incorrect). 
The calculations were therefore restricted to the more dilute solutions, for 
which reasonably constant values of K, were obtained when the appropriate 
values of K, were used. These were 4- (0 x 10°* and 2-4 x 10° at 15° and 25° 
respectively, approximately the values obtained by extrapolating the indicator- 
method values of K to infinite dilution. Table XXVIII shows the results as 
given in the original paper, ch constancy of K; being better than the author 
expected, 


TABLE XXVIII. - 


1} 


0.01570 
0.01072 


0.1984 


- 0.1229 


0.0848 
0.0518 


| 0.01570 


0.01072 


0.0020, 


0.0168 
0.0106 
0.0074, 
0.0050, 
0.0022, 
0.0016, 


0.00343 


0.00341 
0.00301 


0.00284 


0.00187 


0.00166, 


0.00299 
0.00236 
0.00233 
0.00208 
0.00136 
0.00127 


0.01567 
0.00859 
0.00621 


0.00316 


0.00076 
0.00035 


Mean: 


0.0138 

0.00824 
0.00510 
0.00297 
0.00086 
0.00037 


COMPOSITION OF HYDROFLUORIC ACI) SOLUTIONS (Roth, 1939) 


0.0374 0.002 


0.036 
0.030 
0.033 
0.031 
0.020 
0.030 


Mean: 0.030+0.002 
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K, here is LEAH and is therefore the reciprocal of the K, previously used. 
j [HF 1 
The values so obtained are then 
15° 25° 
10* K, 4.0 264 
K, 037 -030 
V/K, 27 33 


These are very different from the results of Hudleston and Davies. The cor- 
responding heats of reaction are HF =* H+ + F” + 8-5 kg.-cal., and HF, = 
HF + F- + 3-6 kg.-cal. | ; 

A fresh attempt was made by Roth to calculate @, from the heat of neutra- 
lization’ and his values for the heat of dilution. The values given in Table 
XXIX for heats of neutralization of hydrochloric and hydrofluoric acid were 
determined. 


TABLE XXIX.- HEATS OF NEUTRALIZATION, HCl AND HF 


eee ae 
; 13-71+0-06 | 


13-66 +0-09 
13-55 +0-04 


0-05013 
0-02559 


0-05213 
0-1191 
0-06072 


16-73 
16-63 +0-07 
16-64 +0-04 


Taking the heat of dissociation of water as 13-55 at 23-36 —23-55°C. and 
13.66 at 19-5 — 19.7°C., the heat of dissociation of hydrofluoric acid was 
calculated to be: 5 

m t Q 
0-0767 19-6 3-04 kg.-cal. 
0-0899 23-45 3-16 kg.-cal. 


These values, combined with the heat of dilution and the values of K, and K, 
calculated above, gave the values, @, = 3-05 kg.-cal. and Q, = 5-07 kg.-cal., 
which show no agreement with the figures obtained above. 

Thus, it is seen, Pick’s suggestion that the properties of aqueous hydro- 
fluoric acid can be explained by the occurrence of two equilibria and the 
formation in stronger solutions of the ion HFj, is not supported by the experi- 
mental evidence. The conductivity data of various workers are widely at 
variance and cannot be said to point to the predominance of the simple ion- 
ization HF <*H++F7in more dilute solutions. Other methods of investigation, 
determination of transference numbers and hydrogen ion activity, do not give 
concordant results. Widely differing values of the two equilibrium constants 
have been calculated, and very discordant heats of reaction obtained by 
different methods of estimation. Roth, in his later paper, concluded very 
justly that further and more precise measurements were desirable, and it seems 
likely that as anhydrous hydrofluoric acid undergoes polymerization beyond the 
dimeric stage, so in aqueous solution the processes are more complex than 
was suggested by Pick. 

One worker has concluded that the negative ion of hydrofluoric acid is 
F, ,\ and the application of a particular cryoscopic method - lowering of the 
melting point of eutectics = has been held to show that hydrofluoric acid is 
monomolecular. *® 
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HYDROGEN FLUORIDE AS A SOLVENT 


Liquid hydrogen fluoride is outstanding as a solvent. It is, indeed, 
remarkable that any solvent should be able to dissolve, as it does, both 
inorganic salts such as potassium fluoride and aromatic hydrocarbons such as 
anthracene. Though a good deal was known about the chemical reactions of 
the liquid, its behaviour specifically as a solvent nad been very little studied 
until this was examined by Fredenhagen, mainly between 1930 and 1940, and 
it is to his school that much of the knowledge in this field is due. The 
study of water-like solvents, which has developed considerably in recent 
years, has been the subject of a monograph’, and this particular aspect of the 
chemistry of hydrogen fluoride has also been reviewed, e.g. by Simons’ and 
by Sidgwick? and others.* 

That anhydrous hydrofluoric acid has the properties of an ionizing solvent 
was remarked by Mellor (II, 130) in referring to a very short note by Franklin 
in 1905. To avoid any confusion in the following section, the term LHF is 
used throughout in referring to liquid hydrofluoric acid as a solvent: in con- 
sidering solutions of water, and of compounds which give rise to water on 
solution in LHF, it would be incorrect to refer to anhydrous hydrogen fluoride; 
Fredenhagen used the symbols (HF) and (H,O) when discussing the properties 
of these compounds as solvents. Mellor (II, 133-4) was in error in stating 
that the iodides, bromides and chlorides of the alkali and alkaline earth 
metals are decomposed with liberation of the respective halogen, even though 
it was possibly the aqueous acid to which he was referring. Neither the 
aqueous acid nor LHF liberates the halogens from these salts, though LHF 
certainly liberates the acids and when concentrated hydrogen iodide gas is 
evolved it can readily give rise to free iodine. Fredenhagen® pointed out that 
there were only two previous workers on LHF solutions: work published by 
Gore in 1869, although very valuable, contained many incorrect statements; and 
Franklin, in a footnote to a paper in 1905 where he recorded preliminary 
results on many solubilities, made the very pertinent observation that LHF, 
with water and ammonia, was the outstanding electrolytic solvent. 

Inorganic salts behave with LHF in a way depending in the first place on 
the solubility of the fluoride of the metal concerned. Soluble fluorides are 
not numerous;*9%7 they are those of the alkali metals, with solubilities in- 
creasing from lithium to caesium; ammonium fluoride, argentous fluoride and 
thallous fluoride: of the alkaline earth group, only barium fluoride shows an 
appreciable solubility, magnesium fluoride being highly insoluble, so that 
solubility in this group appears to increase as in the previous group. The 
following quantitative information has been given. 


Lithium fluoride, at 18°C. 2-6 g. in 100 cc. of solution:® and independently,° 
temperature, °C. 0 10 2 #30 40 
moles LiF/mole HF -043 .037 -.045 .042 -044 


These latter figures are about twice the former. 
The solid phase in equilibrium with these solutions is LiF,HF.® 


Potassium fluoride, at 0°, 38 g. in 100 cc. of solution:® and the following 
figures are taken from the complete study of the KF~HF system.° 

temperature, °C. 0 20 40 60 

wt.-% KF 25°9 28-5 31-4 35-5 


The solid phase in equilibrium with the solution is KF,4HF in each case. 
Rubidium fluoride. Quantitative data are not available.’® 


Caesium fluoride. The following figures are taken from a study of the complete 
CsF-HF system.** 
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0° 20° 40° 60° 
wt. % ~~ Solid wt. % Solid wt. % Solid wt. % ~~ Solid 
CsF Phase CsF Phase CsF Phase CsF Phase 


65-0 CsF,3HF 67-8 CsF,3HF 17-3 CsF’,2HF 83-5 CsF,HF 
75-2 CsF,3HF 80-8 CsF,2HF 
T1507 CsF,2HF 81-2 CsF,HF 


Silver fluoride, at=15°C. 33g. in 100cc. of solution.© A part of the ammonium 
fluoride- hydrogen fluoride system has been studied.?? 

The fluorides of aluminium, zinc, iron (ferric), lead (plumbous), copper 
(cupric) and mercury (mercuric) are said to show no appreciable solubility,® 
and calcium, zinc, and magnesium fluorides show less than 0-01% solubility 
at 0°C.° Chromium fluoride is also said to be soluble.® 

The behaviour of any given salt with LHF depends both on the solubility 
of the fluoride of the metal, and on the solubility of the acid corresponding to 
the anion of the salt. Hydracids are but slightly soluble in LHF, whilst 
oxyacids are in general soluble, although further decomposition or other reac- 
tions may occur. Hydrogen chloride, bromide, iodide, cyanide, azide®%** and 
sulphide** are but very slightly soluble, (an earlier statement is that hydrogen 
sulphide is soluble);° carbonic acid,*** and silicon tetrafluoride® are insoluble. 
_ The corresponding alkali metal salts dissolve as fluorides, with rapid libera- 
tion of these acids. In other cases reaction may occur in spite of the insolu- 
bility of the fluoride. Thus, aluminium, ferrous, manganous and cerous 
chlorides react, whilst the following are said to be unchanged® — ZnCl,, SnCl,, 
mucl,, CdCl) CuCl,, CuCl, HgCl,, Hgl,, AgCl, AgBr, Agl. The opinion 
has been expressed that all chlorides will gradually decompose with LHF,** 
‘the rate depending on the solubility of the fluoride, but the salts of silver and 
thallium are exceptions to this as they can be precipitated*® (see below). 

Ruff has also stated*® that most chlorides, bromides and iodides react with 
pure hydrogen fluoride according to the equation 


nHF +MCl, = MF, +nHCl, 


and instances as fluorides made in this way, TiF,, ZrF,, VF,, VOF,, VF;,, 
NbF,, TaF,, SnF,, SbF,. From his account of the preparation of these com- 
pounds, it is not clear whether they may not be first obtained in solution in 
LHF. A later paper suggests that in the case of antimony pentafluoride there 
is complete misc ibility.*” | 
The typical reaction of carbonates has been shown to occur with those of 
lead, zinc, and calcium’® and potassium fluosilicate has been found to react 
with violent evolution of silicon tetrafluoride.°® 

Whilst the cyanides and azides of the alkali metals generally behave like 

the halides, the corresponding acids being liberated by LHF, there are some 
exceptions. Mercuric cyanide is very soluble,® silver cyanide is slightly 
soluble, argentous azide and mercuric azide are very soluble and thallous azide 
also is soluble,** all giving solutions from thich the salts can be obtained 
unchanged on evaporating the solvent, thus emphasising the covalent character 
of these particular compounds. Fluoborates also react, as boron trifluoride 
is only slightly soluble.? The field of the complex fluorides has, however, 
been very little explored. Fluorocolumbates are formed by crystallization of 
‘mixtures of LHF solutions of sodium and columbium fluorides** and alkali metal 
hexafluorophosphates are precipitated by reaction of the chlorides with phos- 
phorus pentachloride in LHF.*® In a recent study, Woolf obtained potassium 
fluoborate by passing boron trifluoride into an LHF solution of potassium 
fluoride at ~78°.7° In the same work, hydrogen fluoride was condensed at 
-78° on to mixtures of potassium bifluoride and fluorosulphonate, and of 
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potassium bifluoride and antimony pentafluoride, and on evaporating the hydro- 
gen fluoride, the pure salts KSO,F and KSbF, were obtained. Mixtures of 
barium chloride and antimony pentachloride, on the other hand, gave a product 
containing chlorine. The halogen fluorides are completely miscible in all 
proportions with anhydrous hydrofluoric acid, and solutions can thus be obtained 
of chlorine trifluoride, chlorine monofluoride, bromine tri- and pentafluoride 
and iodine penta- and heptafluoride;** a boiling point curve is given for HF 
CIF,. Woolf?® found, however, that on evaporating an LHF solution of equi: 
molecular amounts of potassium bifluoride and iodine pentafluoride a fuming 
white solid retaining some hydrogen fluoride was obtained; chlorine trifluoride 
similarly treated gave no reaction product, the residue on evaporation being 
free from chlorine. On evaporating an iodine pentafluoride solution, no ad- 
ditive compound containing hydrogen fluoride was obtained. It was concluded 
that the preparation of complex fluorides in LHF has limitations attributable 
to the solubilities of many fluorides and to the retention of solvent owing to 
solvolytic or co-ordination phenomena.”° 

Among oxyacids, the appropriate nitrates, sulphates, perchlorates,® iodates 
and periodates,** are soluble; chlorates dissolve with decomposition to give a 
solution containing chlorine dioxide,° bromates decompose with evolution of 
oxygen to give a solution containing bromine,** nitrites give nitrous gases,*® 
Chromates and permanganates dissolve, but give greenish or reddish vapours 
which canbe shown tocontain heptavalent manganese and sexavalent chromium 
respectively, and are suspected to be oxyfluorides.*® Persulphates dissolve, 
but readily evolve oxygen, e.g. on addition of potassium nitrate or thallium 
nitrate.** Hydroxides dissolve or react, and many oxides react, calcium oxide 
with incandescence; MgO, SrO, BaO, PbO also react strongly, Al,O,, CuO 
react slowly while HgO, PbO,, MnO,, SnO,, Cr,0O,;, WC, and Mn,O, are un- 
changed. Silver oxide dissolves rapidly and barium peroxide evolves oxygen.° 

All these solutions show high electrical conductivity,*»®'”?? and, as in 
aqueous solutions, the equivalent conductivity increases on dilution; with 
certain simple compounds, suchas water, potassium fluoride and silver fluoride, 
the conductivity at infinite dilution, A,,, approaches 260 at-15°C. The degree 
of dissociation at intermediate dilutions is calculated from the conductivity 
and in the case of the three compounds named 0-5N.solutions show 46%, 65% 
and 66% dissociation, respectively. For the fluorides, the dissociation is 


expressed by KF = Kt + F’, but for water it is H,O + HF >H,O* + F™ and 


not, as might be expected, into hydrogen and hydroxyl ions. Thus the con- 
ductivity of a solution containing both potassium fluoride and water is equal 
to the sum of the conductivities of separate solutions of each of the same 
concentration. In the case of solutions of oxysalts, such as potassium 
nitrate, however, much higher conductivities are obtained, and the explanation 
which is advanced, supported by determinations of boiling point elevation,” 
is that the dissociation occurring is KNO, + 2HF —> K+ + H,NOt + 2F", so 
that four ions are produced from one molecule of potassium nitrate. A similar 
phenomenon occurs with potassium acetate, and in this case it may be shown 
that the conductivity is equal to the sum of the conductivities of separate sol- 
utions of potassium fluoride and acetic acid of equivalent concentration. 

The explanation advanced by Fredenhagen to account for these phenomena 
is that hydrogen fluoride forms addition complexes with the oxygen compounds, 
which then ionize with the formation of a fluoride ion and a positive complex 
ion. With water, for example, the process would be 
POH +.B. 


H,O + HF > H,OF > 
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In the light of the foregoing discussion on the association of hydrofluoric acid 
and its ionization in aqueous solution, this is perhaps an over-simplified 
view. The molecular species present in the liquid are the dimer (H,F,) and 
higher polymers, and it is probable, as pointed out by Sidgwick,* that the 
negative ion is not the simple ion [F]~ but the bifluoride ion [HF,]", although 
for simplicity we may usually write [F]- just as in aqueous solutions we 


usually write [H]*+ for [H,O]t, Rather than relating ionization in LHF to the 


preliminary formation of hydrogen fluoride addition complexes with receptor 
molecules, we should, more probably, ascribe it directly to a proton donor- 
acceptor mechanism. It may be suggested that not the dimer only but all the 
polymers in the liquid readily donate a proton, and it is indeed worth examining 
the possibility that not only the ion [HF,] but also [H,F,]° and even higher 
species may exist in aqueous solutions. The behaviour of water as a proton 
acceptor conforms with its behaviour in aqueous solutions, but there appears 
immediately a strong contrast between the processes of ionization in aqueous 
and in LHF solutions. In the former the solvent will act as a proton acceptor, 
and proton donors give strongly ionized solutions, the proton demand of the 
solvent being sufficient to ‘de-ionize’ the cation of dissolved salts of weak 
electrolytes by the reaction MX -> Mt + X” : M+ +2H,O —> MOH +[H,O]+. 
In LHF, on the other hand, the solvent acts as a proton donor, and proton 
acceptors give strongly ionized solutions (as is richly illustrated by the 
behaviour of organic solutes; see below). The ability of the solvent to 
donate protons is so great as to de-ionize anions of dissolved salts to a much 
greater extent than in the comparable process in water, and even to force them 
to behave as proton acceptors. Combined oxygen can be regarded in general 
as a proton acceptor, or, in a modified form, as giving rise to association by 
hydrogen bonding, e.g. in carboxylic acids; and the formation of complexes of 
hydrogen fluoride with perchloric acid and other oxyacids has been observed 
in other work.?* The generalized theory of acids and bases associated with 
the names of J.N. Brénsted and T.M. Lowry accords with these views. Sol- 
vents fall into three categories: proton acceptors, basic or protophilic; proton 
donors, acidic or protogenic; and solvents that are neither donors nor ac- 
ceptors, aprotic. LHF is thus a powerfully protogenic solvent and in it acids, 
such as nitric acid, are bases; (for a general account of this matter see, 
e.g.°*) These properties have also been discussed from the point of view of 
hydrogen bonding.** 

Fredenhagen was at first inclined to suggest that the fluoride ion was the 
only anion which could exist in LHF,** but more detailed studies have shown 
that this is by no means the case.** He has found that his earlier observa- 
tions exaggerated the insolubility of halogen hydracids, and that these gases, 
bubbled through LHF solutions of silver and thallium salts, will give precipi- 
tates of the corresponding halides. Precipitation reactions also occur with 
solutions of perchlorates, periodates, and sulphates. The perchlorate ion is 
outstanding in its ability to co-exist in LHF with the fluoride ion; the per- 
chlorate ion indeed rivals the fluoride ion as a proton donor, as fits the 
observation that perchloric acid is the strongest acid in the aqueous system.” 

For the study of LHF solutions, supplies of hydrofluoric acid of high 
purity were required, and its suitability for conductivity studies was shown by 
its low conductivity, indicating a low water content. The steps taken to 
obtain these supplies have been described above (see page 88), and the 
work on Conductivity measurements has also been referred to. In addition, 
ebulliometric methods have been developed for use in LHF.7%°%® It was a 
matter of some difficulty to find non-ionizing solutes for determining the 
molecular elevation of the boiling point, but by using benzoyl fluoride, benzo- 
nitrile, or trichloroacetic acid a figure of 1-90° was found, in good agreement 
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with that theoretically derived after allowing for the degree of association 
(see page 92). Determinations of b.p. elevation give a measure of the total 
number of foreign particles in the LHF solutions, and not only of the tonized 
particles indicated by the conductivity determinations. They confirm the 
increased number of particles in the case of salts such as potassium nitrate 
and acetate, and help to clarify the behaviour of sulphate solutions, The 
conductivity of an LHF=sulphuric acid solution increases, over a period of 30 
minutes after its first production, to several times its original value:**** this. 
is attributed to the formation of water by the relatively slow reaction H,SO, + 
HF -> HSO,F + H,0, the final conductivity of the solution being equal to that 
of the equivalent LHF solution of water. Ebulliometric measurements show 
also the presence of other particles which do not contribute to the conduc- 
tivity, presumably fluorosulphonic acid molecules. With potassium sulphate, 
the reaction is K,SO,+ 2HF -> KSO,F + H,O + KF, and the conductivity is 
principally attributable to the water and potassium fluoride, with a relatively 
small contribution from the potassium fluorosulphonate. Both freshly prepared 
and ‘aged’ LHF solutions of sulphuric acid and of sodium sulphate (which is 
very soluble) give a precipitate of silver sulphate with strong LHF solutions 
of silver salts, so that some sulphate ion is, presumably, always present.** 

The chemistry of these solutions has obviously been very little explored, 
and there is room for much further work, both in refined measurement and in 
further study of detail. Thus Fredenhagen had satisfied himself by a simple 
test that the solubility of hydrogen chloride was very low, but was later able 
to show that he had underestimated this, and where his error lay. Again, 
whilst at ordinary temperatures (in the neighbourhood of 0°C.) chlorates and 
bromates dissolve with decomposition, this is not evident at lower tempera- 
tures.*° It may be expected that such salts as permanganates and chromates 
also may give useful solutions at lower temperatures, although the tendency to 
form oxyfluorides, noted here as well as in the case of sulphuric acid, will 
probably occur in many other casesto a greater or lesser extent. Further study 
in this field offers considerable opportunities: the choice of metal cations 
available is limited by the insolubility of the majority of metal fluorides, and 
the range of anions studied is not, so far, very extensive, but there is a very 
great choice of complex cations, organic proton acceptors, offering a wide 
field for further exploration. 

As water, behaving as a proton acceptor, gives a highly conductive LHF 
solution, it is not surprising that the alcohols show the same effect. Methyl 
alcohol was found to give a solution having high conductivity,* and other 
alcohols — ethyl, n-propyl, n-amyl| — behaved similarly, the values of the 
conductivities at infinite dilution approaching 260.°® It has been concluded 
that this high value is due principally to the great mobility of the fluoride ion 
in this solvent,” and the conductivities of the four alcohols in 0-5 N.solution 
indicates dissociations of 54%, 64%, 59% and 56% respectively.® It is, 
however, hardly correct to apply the term dissociation to what is occurring 
here. From the conductivities, the degree to which the solute molecules have 
acquired polar character is calculated, but this acquisition is by association 
(addition of a proton) and not dissociation. 

Not only alcohols but a wide range of types of organic compounds are 
soluble in LHF, and the solutions show electrical conductivity to a varying 
extent. Measurements of conductivity and boiling point elevation have been 
made on many solutions by Fredenhagen’s school and particularly by Klatt, 
one of his pupils. With the aliphatic monohydric alcohols®*® the rise in b.p. 
Suggests that some alkyl! fluoride is formed though quantitative proof of this 
was not possible; and ethyl fluoride in LHF, with the equivalent amount of 
water, was found to produce alcohol, but again it could not be decided whether 
the reaction was complete. There is in all cases the possibility of an equi- 
librium, ROH + HF = RF +H,0, when the water produced will act as a proton 
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acceptor: the conductivity of the solution will give no guidance as to the 
extent of reaction, but the rise in b.p. will show a higher proportion of foreign 
particles. Alcohols with double bonds in the molecule, e.g. benzyl alcohol, 

are often, though not always, polymerized by hydrogen fluoride;”® if the double 

bond is close to the proton-accepting oxygen, there is no polymerization and 
no addition of hydrogen fluoride across the double bond. Thus allyl alcohol 

gives a conducting solution which, however, unlike the colourless solutions 

of saturated alcohols, is deep red in colour. Polyhydric alcohols also show 

anomalies: ethylene glycol gives a solution of much lower conductivity and 

b.p. rise than might be expected; glycerol shows a very high conductivity, 
whereas that of mannitol is very low, whence it appears that the spatial 
relation of the hydroxyl groups is the controlling factor. It is said that the 
rise in b.p. is approximately doubled (as against that for a single hydroxyl 
group) if there are hydroxyl groups in the 1:3 position and having the same 

spatial direction.” With phenols, protondemand is diminished; they tend to form 
coloured solutions with no fluoride formation. The fact that conductivity is 

enhanced with resorcinol and pyrogallol but is almost zero with pyrocatechol 
and hydroquinone is explained by the 1:3 rule given above. With the naphthols 
the a-compound shows higher equivalent conductivity and greater b.p. elevation 
than the $-, and this may be related to the proton demand of the aromatic 
nucleus itself (see below). The proton demand of phenolic hydroxyl is reduced 
by negative substituents in the ring, and this affects the solubility also. 
Thus while phenol is soluble, nitrophenol is only moderately so, and picric 
acid is practically insoluble; the chloro- and bromo- phenols show the same 

effect. 

Carboxylic acids behave very much as the alcohols, and the following 
‘degrees of dissociation’ of 0.5 N.solutions have been given*® (all as percent- 
ages): formic, 10: acetic, 56: benzoic, 47: salicylic, 69: cinnamic, 63: 
m-nitrobenzoic, 7: mono-, di- and trichloroacetic, 2,nil and 3 respectively: 
oxalic, 17: malonic, 42: succinic, 85: glutaric, nil: adipic, nil. With 
many of these acids, however, the rise in b.p. shows a greater number of 
particles than does the conductivity, and it appears that the tendency to 
fluoride formation is greater with acids than with alcohols. In the case of 
benzoic acid the presence of benzoyl fluoride may be demonstrated by extracting 
the LHF solution with ligroin, in which the acid is insoluble, whilst the 
partition coefficient of the fluoride between this solvent and LHF is about 
unity, though on attempting to isolate the fluoride by evaporating the solvent 
the reaction reverses. The tendency to form the acid fluoride varies with the 
acid, being much less with acetic, cinnamic and salicylic acids. It is, of 
course, possible that the oxygen in the acid fluoride may still show some 
proton demand. An attempt was made to cause the water (which would be 
formed along with the fluorides) to react with fluorine in presence of silver 
fluoride and other salts, but although preliminary experiments were said to have 
shown interesting results no further work has been reported.*® Acid anhydrides 
in some cases show high conductivities (e.g. benzoic anhydride), in others 
none, Among the many organic compounds studied, maleic anhydride was 
almost the only one which was readily soluble in LHF and yet gave the cal- 
culated rise in b.p.*° 

The influence of the structure on the proton demand, as indicated by the 
figures given above, is interesting, especially in the chloroacetic acid series 
where the proton demand diminishes with successive chlorine substitutions. 
‘In the aqueous solutions, the strength of these acids increases from acetic to 
trichloroacetic, as the ability to donate protons increases in this order. Ob- 
viously these two characteristics are closely, though inversely, related, and 
this consideration brings out clearly the contrast between water and LHF; in 
water, the solvent acts as a proton acceptor and compounds that are poor 
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proton donors do not show high conductivity. For that very reason these same 
compounds in LHF, where the solvent acts as proton donor and the solute as 
proton acceptor, show high conductivities. Whilst this is well exemplified 
in the acetic acid series and is also borne out by the halogen hydracids which 
show no proton demand in LHF, it is not well exemplified by the inorganic 
oxy-acids, such as sulphuric, nitric, and perchloric acids, and it is not clear 
why trichloroacetic acid and, say, perchloric acid should behave so differently. 

Aromatic hydrocarbons show appreciable solubility in LHF, and give 
coloured solutions, as shown in Table XXX.* 


TABLE XXX.- WEIGHT PERCENT OF HYDROCARBONS SOLUBLE IN LHF. 


none ' red-brown] dark olive red-brown 


More remarkable still, the solutions show pronounced conductivity, of a 
similar order to that of other LHF solutions, a 0-01 N.solution of anthracene 
having an equivalent conductivity 15°C.) of 300. The concept of proton 
demand discussed above, when applied to the conductive behaviour of aromatic 
hydrocarbons, may be related to the concept of carbonium ion formation and the 
basicity of olefinic hydrocarbons which has been found of value in explaining 


acid-catalyzed hydrocarbon reactions,** and the solubility of aromatic hydro- 


carbons in LHF has already been advanced as evidence of their possessing 
proton affinity.** It is found, moreover, that certain soluble salts cause an 
increase in solubility, and colour changes in the solutions. Mercuric cyanide 
and azide, silver azide and fluoride, and thallous fluoride have this effect. 
Although the salts themselves give colourless solutions, the reddish brown 
toluene solution becomes colourless on adding silver azide, pale yellow with 
mercuric azide, and a stronger red with the other salts. Whilst phenanthrene 
dissolves only very slightly in LHF alone, the solubility is increased by these 
salts and a bluish-green solution is obtained. This may be used as a test 
for traces of silver in LHF, phenanthrene crystals becoming coloured if silver 
is present. The hydrocarbons cause an increase in the solubility of the salts 
also; and the suggestion is made that the solutions show a ratio of four mole- 
cules of hydrocarbon to one of salt (the thallous salt being different, probably 
2:1). Saturated hydrocarbons (methane, pentane, cyclohexane, methyleyclo- 
hexane) have been said to show no appreciable solubility and no metal salt 
influence, but later work requires some modification of this statement. In 
conflexion with the development of hydrogen fluoride catalysis in the petroleum 
industry, (see pages 135, 142) there is much interest in these Solubility re- 
lations, and in a report giving the data,“ solubilities in LHF, as weight 


_ 630-3 


percentages, are given by: isobutane, log,,W = 7 —=—— + 2.69027; n-butane, 


569-0 
O81 W =— T 


+ 2-32359; propane, log,, W =~ 


oe + 2°74152; the respec- 


tive solubilities at O°C. being 2-41, 1-74, 3.35%. Data are also given for the 
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hydrogen fluoride content of the hydrocarbon phase, and it is found that higher 
hydrocarbons, ‘alkylates’ (isoparaffins approximately of the heptane and octane 
series), reduce the solubility considerably, as does water. 

Unsaturated hydrocarbons, in their behaviour with LHF, fall into three 
classes: (1) those showing some solubility, influenced by metal salts; (2) 
those undergoing polymerization, e.g., amylene, butadiene, indene; (3) those 
remaining insoluble, e.g., diphenyl. Figures have been given for the solu- 
bility of hydrofluoric acid in benzene and octane.** Among other classes of 
compounds, ketones give highly conductive and strongly coloured solutions;7**® 
with acetone and acetophenone, there was no indication of condensation 
reactions and aldehydes behaved similarly.*° Among nitrogen compounds,** 
salt formation occurs in many cases and the fluorides (or hydrofluorides) are 
soluble; aniline, napthylamine, urea etc. behave in this way. Heterocyclic 
Nitrogen compounds, pyridine and quinoline for example, may also behave 
similarly, but in other cases, as with pyrrole, polymerization rapidly occurs. 
Azo compounds also form salts, e.g. azobenzene forms salts with 1HF and 
2HF, and these compounds give coloured solutions of high conductivity; 
p-aminoazobenzene gives a perfectly clear but dark red, almost black, solution, 
showing a considerable rise in b.p., and other azo-compounds give other 
colours. Diazo compounds also give strongly coloured solutions, in which 
the colouris not due to any dyestuff-forming coupling and there is no rearrange- 
ment or resinification. Diazoaminobenzene dissolves in LHF to a dark red 
to violet solution, and at higher concentrations and temperatures the hydrogen 
fluoride vapour carries with it an orange-yellow to red vapour from which 
fluorobenzene can be obtained while aniline may be obtained from the residual 
solution. At low temperatures benzenediazonium fluoride can be obtained as 
fairly stable white crystals. The effect of the nitro-group on the solubility 
of the phenols has already been noticed, and the same effect is seen with 
nitrobenzoic acid, which shows a much lower conductivity than benzoic acid. 
In these cases the nitro-group has the same effect as substituted chlorine or 
bromine. On the other hand the nitro-group can also increase the proton 
demand of inert compounds, so that the solubility of nittobenzene, and its 
conductivity, are very much greater than those of benzene itself. No such 
effect is shown by chlorine or bromine, monochlorobenzene having a low 
solubility and monobromobenzene being almost insolvble. Of sulphur com- 
pounds, mercaptans behave like alcohols, ethyl mercaptan and diethyl sulphide 
dissolving readily and showing good conductivity without any tendency to split 
off hydrogen sulphide (which has a low solubility in LHF). Thiourea dis- 
solves readily and generally behaves like urea. Thioacetic acid, CH,.COSH, 
however, readily loses hydrogen sulphide and gives the acid fluoride. Thio- 
phene reacts to give a red solid which was not further investigated, and 
thionaphthene slowly dissolves to a clear red-brown solution which in a few 
minutes goes cloudy owing to polymerization. Sulphonic acids behave like 
sulphuric acid, and give the sulphonyl fluorides.** There has been little 
direct practical application of this work in chemistry, although it may be as- 
sumed that in the very considerable development of hydrofluoric acid catalysis 
in the petroleum industry solvent action must play a prominent part. It has 
also been suggested that unusual results are obtained in an LHF medium in 
oxidizing organic compounds with elementary oxygen under pressure.*” 
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THE CHEMICAL PROPERTIES OF HYDROFLUORIC ACID 


Hydrofluoric acid shows a very general tendency, already considered (see 
page. 122), to react with other compounds and form fluorides. The opposite 
tendency, for hydrogen fluoride to be liberated, is less frequently observed, 
but quite often potential reactions may be inhibited by limitations of a physical 
rather than of a chemical nature. Thus, in considering the solvent properties 
of hydrofluoric acid (see page 120), it is shown that the insolubility of the 
fluoride produced may sometimes limit the reaction of the compound. Thus 
calcium oxide reacts very violently with the liquid, though calcium fluoride is 
insoluble; but alumina does not react, and has beén found valuable as a 
material resistant to fluorine and hydrofluoric acid. This inhibiting action of 
a fluoride film occurs also with metals, most of which will reduce hydrogen 
fluoride (see pages 62 and 143), The equilibrium of many fluorides with 
steam, studied in the work of Domange (see page 73), is found to be in 
favour of hydrogen fluoride reacting with the oxide. Fredenhagen considered 
that almost all chlorides will react, although with some the reaction is ex- 
tremely slow; but hydrogen chloride will precipitate silver and thallium 
chlorides from LHF solutions (liquid hydrogen fluoride - see page AE 

Fredenhagen, as seen on page 120, considered only ionic chlorides, 
and only their reactions with liquid hydrofluoric acid, but the less ionic 
chlorides behave in a similar manner, and may equally show the reaction with 
vapour. Thus, sometime prior to Fredenhagen’s work, Ruff had summarized 
his wide experience in preparing fluorides in the statement quoted on page 121. 

Sometimes reactions of this character, as we shall see, produce mixed 
halides. The more covalent oxides, and acidic oxides also, tend to form oxy- 
fluorides, as is seen with sulphuric acid in LHF: covalent oxyfluorides of this 
character tend to be formed also when the corresponding oxychlorides react 
with hydrofluoric acid. 

Most of the published work on halogen interchange relates to chlorides; 
there is little concerning bromides and iodides. The general case of fluoride- 
chloride interchange is conveyed’ by Table XXXI, where values are given for 
the difference in free energy between the chloride and the fluoride per g. atom 
of halogen. 


TABLE XXXI.- FREE ENERGY OF CHLORINE-FLUORINE EXCHANGE AT 25°C. 
(ALL SOLIDS EXCEPT WHERE OTHERWISE INDICATED). 
(SEE ALSO TABLE XXxXIa) 


System 


AgF'— AgCl 17,800 “,(NiF',— NiCl,) 
CsF— CsCl 24,500 7,{BaF',— BaCl,) 
RbF' =RbCl 27,300 (SbF; SbC1,) 
KF —KCL 29,100 HF g.ideal)~ HCL) 


UCF yg) ~ CCl y gy) 33,400 “(StF — SrCl,) 
7,(CdF,—CdCl,) 34,100 LiF LiCl 
%(PbF, —PbCl,) 34,700 7,(CaF,— CaCcl,) 
_|NH,F—NH,Cl 34,700 “,(AlF,— AICI,) 
4(ZnF =~ ZnCl,) 36,200 ,(SiF — SiCl,) 
NaF —NaCl 36,400 7(MgF'5~ MgCl,) 
%,(CuF,— CuCl,) 38,300 (BF ,— BCl,) 


Some of these data are said to be not highly accurate. The difference is not 
_ very great in favour of silver fluoride, very much greater for hydrogen fluoride 
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and greater still for boron trifluoride. The reactions with hydrofluoric acid of 
the chlorides above hydrogen chloride in, this table, may be expected to proceed 
only partially: but naturally, from energy considerations, they will go more 
readily with liquid than the Table shows, since this refers to the unassociated 
vapours. 

In a later paper,” the equilibrium HF + NaCl = HCl + NaF was studied, 
and the results are given in Table XXXII. 


TABLE XXXII. - EQUILIBRIUM IN THE SYSTEM (HF'’- NaCl- HCl- NaF. ) 


iC, 


0-029 | 0-0292 | 0.0325] 0.0342 | 0. 0372 0-0386 | 0-0500 
Apeetcal 5600 5580 5570 5620 5620 5610 | 


The equilibrium was approached from either side in alternate experiments; 
it is clear that this makes little difference, and that the equilibrium lies to the 
left hand side, as would be expected from the data of Table XXXI. 

At room temperature it was found that a polyhydrofluoride was formed, in 
conformity with the results of Fredenhagen and others on the reactions of 
alkali chlorides with pure liquid hydrofluoric acid and also with the prediction 
made above; but at 200°C. there was no reaction. In the same paper, the 
results of certain other equilibrium studies were given, as summarized in 
Table XXXIII. 


TABLE XXXIII.- EQUILIBRIUM OF VARIOUS CHLORIDES WITH HF 
A F® g.-cal. 


BaCl, + 2HF 0.00193 
0-0546 


NiCl, + 2HF , 0.2262 
0-4288 


PbCl, + HF 0-2125 
0-2682 


These results do not conform very precisely with the data of Table XXXI, 
which lead to the expectation that the barium and nickel salts would be much 
more alike in behaviour, and more nearly like nickel in the above table. It 
may be noted that lead chloride only gave the chlorofluoride and would not 
readily go to the fluoride. As a result of this work, a corrected list of free 
energies was given for the cases studied, Table XXXIa. 


TABLE XXXIa.- CORRECTED FREE ENERGIES OF 
CHLORINE-FLUORINE EXCHANGE 


AF icq -AFu rp ecal. 


System 


7,( BaF’, - BaCl,) 36, 200 
NaF - NaCl 36,900 
PbCIF - PbCl, 40,600 
/,(NiF,, - NiCl,) 40,800 
HF(g) - HCl (gz) . 42,200 


Tlie interaction of beryllium chloride with hydrofluoric acid in aqueous 
solution has been observed.* One case of fluoride exchange which has re- 
ceived a good deal of attention is that of organic halides. Organic halogen 
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compounds undergo reaction with hydrofluoric acid, and with a great variety of 
fluorides, with varying facility. The subject in general is one for treatises 
on organic chemistry* but the simple aspect of exchange with hydrogen fluoride 
is of interest here. With some reactive -CCl, groups, complete conversion to 
-CF, takes place on heating with anhydrous hydrofluoric acid under pressure, 
as in the case of benzotrifluoride, but this is not so with carbon tetrachloride. 
In the vapour phase, reaction proceeds readily on heating to give monofluoro- 
trichloromethane, CFCIl,, but above 450°C. more of the difluoro-compound, 
CF,Cl,, is formed; the reaction is catalyzed by ferric chloride on charcoal.® 
The reaction may be carried out. at lower temperatures under high pressure, 
e.g. at 230°C. and 1000 lb./sq.in.© Using hydrofluoric acid alone, the replace- 
ment of further chlorine atoms becomes increasingly difficult but the use of 
antimony trifluoride as catalyst greatly facilitates the reaction, especially if 
some of the antimony has been converted to the pentavalent state by chlorina- 
tion. It is also claimed that the partially fluorinated products can be converted 
into carbon tetrafluoride by reaction with hydrogen fluoride over a ferric or 
chromic fluoride catalyst at elevated temperatures.” A mixture of carbon 
disulphide with hydrogen fluoride and chlorine passed over a copper chloride 
catalyst at 200°—400°C. yields difluorodichloromethane: monofluorotri- 
chloromethane is obtained from the same reactants over a chromic fluoride 
catalyst at 450—500°C., and the catalytic effect of other halides is referred 
to.° These fluorochloro derivatives of methane (and of other hydrocarbons) 
are well known as. refrigerants under the trade mark ‘Freon’. Similarly 
phosgene gives carbonyl chlorofluoride® or fluorophosgene*® according to the 
conditions of reaction. : 

Turning to other elements of Group IV, it appears that at relatively low 
temperatures silicon tetrachloride and hydrogen fluoride co-exist, and the 
compounds HF,SiCl, and 4HF,SiCl, have been reported;** no indication is 
given of any reaction. In the case of titanium tetrachloride, on the other hand, 
Ruff*? describes the very vigorous reaction that occurs on adding it dropwise 
to anhydrous hydrofluoric acid, with evolution of clouds of hydrochloric acid. 
It is recommended that only half the theoretical amount of titanium tetrachloride 
should be added, while cooling in ice and salt: afterwards, the mixture is 
allowed to warm up slowly over several hours and then the excess of hydrogen 
fluoride is driven off on an oil bath which is finally heated to 200°C. to give 
titanium tetrafluoride. Zirconium tetrachloride reacts in a similar manner,*? 
and the reactions of thorium tetrachloride and tetrabromide to give the fluoride 
have also been described.** Stannic chloride also reacts readily, but a double 
salt SnCl,,SnF, is obtained’? which decomposes on heating to 130 — 220° when 
stannic chloride distils off and leaves the fluoride (b.p. 705°). In Group V, 
little is known of the reactions of nitrogen trichloride and the phosphorus 
chlorides with hydrofluoric acid, though a recent paper refers to the formation 
of phosphoryl! fluoride from the chloride,'* and the production of hexafluoro- 
phosphates by the reaction with phosphorus pentachloride has been described.** 
Vanadium tetrachloride and the pentachlorides of niobium and tantalum react 
readily, and it is recommended that the reaction mixture should be refluxed for 
%,—2 hours, until no more hydrochloric acid is evolved.** Ruff also described 
how unreadily vanadium trichloride reacts, in comparison with the tetrachloride; 
the latter reacts vigorously with liquid anhydrous hydrofluoric acid in the cold, 
and on driving off excess hydrofluoric acid at 50° pure vanadium tetrafluoride 
is obtained. The trichloride, on the other hand, shows little reaction below 
100° and must be heated for G6—8 hours at a dull red heat in a stream of hydro- 
gen fluoride vapour, to obtain pure vanadium trifluoride. Vanadium oxytri- 
chloride behaves like the tetrachloride and readily gives VOF,, whilst the 
oxydibromide behaves like the trichloride and gives VOF, only with difficulty.*® 
The observations regarding the reaction of the trichloride have been confirmed 
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more recently, a temperature of 600°C. being required; whilst the dichloride 
reacted with even greater difficulty, and at 700°, in a stream of hydrogen 
fluoride, only the trifluoride was obtained.*’ Antimony pentachloride, Ruff 
reported,'? reacts readily and this method has been the subject of a patent*® 
for making the pentafluoride. In Group VI nothing is known about the reaction 
of the chlorine oxides or the sulphur chlorides with hydrofluoric acid, but 
thionyl chloride and sulphury! chloride react to give the corresponding fluor- 
ides.** In the general paper considered above, Woyski’ reported obtaining the 
mixed chlorofluoride, SO,CIF, from sulphuryl chloride and potassium bifluoride 
or ammonium fluoride (but not magnesium, calcium, barium or lithium fluoride). 
Moreover, either sulphuryl chloride or the chlorofluoride (or indeed an equi- 
molecular mixture of sulphur dioxide and chlorine) with potassium fluoride at 
400°C. quantitatively afforded sulphuryl fluoride, SO,F,, whereas in the 
presence of other fluorides only partial reaction was observed. The limiting 
free energy difference (Table XXXI) is therefore considered to be 29,000 © 
g.-cal. Molybdenum pentachloride gave only traces of a readily volatile 
molybdenum halide when heated with hydrofluoric acid, but the oxy compounds 
MoOCl, and MoO,Cl, readily gave the corresponding fluorides.*® Molybdenum 
tribromide slowly yielded the trifluoride when heated for several hours at 300 — 
600° in hydrogen fluoride, whilst the dichloride and the dibromide under these 
conditions were practically unattacked, and only at 730°C did a slow reaction 
occur.*” Tungsten hexachloride readily gave WF,, and WOCI, also reacted 
readily, but the formation of WO,F, was in doubt.*° The reaction of uranium 
pentachloride and hexachloride, to give the fluorides, has been the subject of 
a patent.”* Information is lacking on the reaction of the selenium and tel- 
lurium halides, though the formation of the oxyfluorides has been observed,* 
and nothing is known of the reactions of the higher halides of Group VII. 

The reaction of oxides with hydrofluoric acid has been mentioned above. 
For the aqueous acid, it is controlled by the well known factors governing 
reactions with acids, but the reaction of the anhydrous acid with oxides 
differs from that with halides, because water and hydrofluoric acid are com- 
pletely miscible whereas ‘the hydrogen halides are almost insoluble in LHF. 
The reaction of acidic oxides with hydrogen fluoride may, however, be very 
different from that with other hydrogen halides, because of the much greater 
stability of certain fluorides in water compared with the other halides. Thus 
boric acid in aqueous solutions readily forms hydrofluoboric with hydrofluoric 
acid; the rate of this reaction has been studied and a reaction mechanism 
proposed.** The silicon system is very similar. It has, however, been seen 
above that in the absence of moisture silica is not attacked by hydrofluoric 
acid, so that water, besides being a product of the reaction, must play a 
fundamental part in the mechanism. It is interesting to note that silicones 
react rapidly with anhydrous liquid hydrofluoric acid to give the corresponding 
fluorosilanes: 


CH, 


CH 
CH? SiO + 2HF —» Gy > 


Sif,. +:H,0; 


the reaction being catalyzed by copper sulphate.** Phosphorus pentoxide 
reacts with strong (or anhydrous) hydrofluoric acid, to give monofluoro-, 
difluoro-, and hexafluoro-phosphoric acid, according to the.proportions of the 
reactants.** The reaction is reversible so that, e.g., the monofluorophosphoric 
acid is completely decomposed on boiling in aqueous solution; but when only 
a limited amount of water is present, an equilibrium is set up which is very 
sensitive to the amount of water.”* With sulphuric acid the situation is very 
similar, fluorosulphonic acid being formed from hydrogen fluoride and the 
concentrated acid*® as noted below (page 124). The dioxides of selenium and 
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tellurium are extremely soluble in LHF?’ and it is suggested that the solid 
products obtained from these solutions are additive compounds, e.g. SeO,.5HF, 
though in the case of tellurium, oxyfluorides may be formed in the presence of 
water.** Iodine pentoxide shows similar behaviour.?® The observations of 
Fredenhagen on the behaviour of chromates and permanganates with hydrofluoric 
acid have already been noted (see page 124) and in more recent work, chromyl 
fluoride, CrO,F,, and permanganyl fluoride, MnO,F, have been obtained from 
potassium dichromate and permanganate.** It is suspected that potassium per- 
trhenate gives the corresponding ReO,F. The action of hydrofluoric acid on 
metallic chromium and manganese in the presence of potassium nitrate also 
gave the corresponding oxyfluorides, and with tungsten and molybdenum WOF, 
and MoOF, were obtained. Chromium trifluoride has been made by dissolving 
chromium trioxide in aqueous hydrofluoric acid, reducing with sawdust, and 
evaporating.*° The formation of uranium tetrafluoride from the dioxide and 
anhydrous hydrofluoric acid has been considered as a possible manufacturing 
process.** 

The behaviour of hydrofluoric acid on electrolysis in aqueous solution has 
been studied. A dilute solution of the acid, or of various fluorides, was 
electrolyzed at smooth platinum electrodes, stirred, and the current-voltage 
curve was plotted.** For all the solutions a break occurred at 1-62 V. which 
was considered to be the decomposition potential of water. A second break 
occurred, different for different solutions but reproducible for each: for 0-1 
N-HF, it was at 1-99 V.at 0°C., for 0-045N-LiF, 2-56 V.at O°C. Only hydrogen 
and oxygen were evolved, no fluorine was observed in the anodic products, 
and the higher break is, presumably, to be attributed to overvoltage effects and 
resistance in the electrolyte, and not to anything in the nature of a decomposi- 
tion voltage of the solutes. A later worker** made similar determinations with 
generally similar results, but he concluded that he was observing true de- 
_ composition potentials. Later** the same author, measuring the overvoltage 
of hydrogen and oxygen in dilute(0-2N.) hydrofluoric acid, found that for current 
densities up to 0-005 amp./cm? Tafel’s equation, V = a + b log i, was obeyed 
while at higher current densities the overvoltages observed were increasingly 
greater than those given by the equation. The overvoltage phenomena are 
generally the same as in other common acids, except where the weakness of 
hydrofluoric acid may exert an influence. Again it is concluded that the 
_ second break in the electrolysis curve is to be attributed to some effect other 

than the decomposition of water. . 

There has been some discussion as to what happens when aqueous hydro- 
fluoric acid is electrolyzed. Moissan said that ozone is formed by liberation 
of fluorine and its subsequent reaction with water (see page 55).  Briner 
and Tolun*® have, however, pointed out that this is a fallacy: strong (40%) 
acid was electrolyzed at low temperatures, and ozone was produced, though 
not so much as when sulphuric acid is electrolysed; there was no fluorine or 
fluorine derivative in the gases evolved at the anode. The formation of ozone 
is in each case due to free hydroxyl ion discharge, which, even at the very 
low concentrations occurring in strongly acid solutions, must take place at a 
potential difference much less than that required for fluoride ion discharge. 
Thus for values of [OH] of 107? (neutral), 1074 (N-acid) and 107*5 (10N-acid) 

the discharge potentials for hydroxyl ion are 0.81, 1.21 and 1.27 V., whilst 
_ the normal discharge potential for fluorine is 2.85 V. Fluoride ion has been 
shown to have a catalytic effect on certain electrolytic processes. Thus in 

the electrolytic oxidation of chrome alum to potassium dichromate and in the 

production of potassium perphosphate the yields are increased by adding potas- 
‘sium fluoride,*® and in the deposition of metallic chromium from chromic acid . 
solutions additions of hydrofluoric acid increase the current efficiency.*” The 

presence of hydrofluoric acid also influences oxidation-reduction potentials, 
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e.g. in the case of iron (ferric/ferrous), owing to complex formation. ** 

A curious action of anhydrous hydrofluoric acid has been reported in the 
formation of graphite bifluoride:*® when graphite is oxidized in this medium 
e.g. by addition of potassium dichromate, by passing in fluorine gas or by elec- 
trolytic action, a blue product is formed, analysis of which indicates a com- 
position represented by [C,,|+HF3,4HF. Hydrofluoric acid also exerts a cata- 
lytic influence on the formation of carbon monofluoride*® and is essential in the 


. 77, 41 
formation of tetracarbon monofluoride. 
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HYDROFLUORIC ACID IN ORGANIC CHEMISTRY 


The work of Fredenhagen and Klatt on the solvent properties of hydrofluoric 
acid for organic compounds has already been mentioned, but this has had, as 
yet, no further applications. The use of hydrofluoric acid in making organic 
fluorine compounds by exchange with other halogens has also been referred to. 
This type of reaction was extensively used in America during the 1939—45 
war’ in attempting to make fully fluorinated compounds. The addition of 

hydrogen fluoride to olefinic and acetylenic compounds has also been studied; 
in this way acetylene readily gives vinyl fluoride and ethylidene fluoride, and 
higher compounds show similar reactions.” ** Mercury salts are usually used 
as the catalyst, and on this there are a number of patents,° although aluminium 
fluoride or oxide has also been used® and chlorinated olefineshave been caused 
to react with hydrogen fluoride using stannic chloride as catalyst.’ There 
have been considerable developments in the use of hydrogen fluoride as a 
catalyst: it acts generally as does aluminium chloride, sulphuric or phosphoric 
acid, or boron trifluoride, but has certain advantages in that it can readily be 
removed from the system by distillation, that tar formation does not occur as 
with aluminium chloride and that substitution does not occur as with sulphuric 
acid. The earliest patent in this field was for the use of hydrofluoric acid as 
a catalyst in cellulose acetylation,® but its use has more particularly deve- 
loped in’ the petroleum industry, and a good deal of work has been done by 
J.H. Simons on the catalysis of a great variety of condensation reactions, **°" 
though others have also contributed’? including Russian workers,** and there 
has been great interest in the isomerization of hydrocarbons.** The subject 
has been reviewed by Simons in his book on Fluorine Chemistry.” There has 
been much patent activity in this field relating to hydrocarbon alkylation, 
isomerization and reforming;** and methylation using methyl! chloride has been 
claimed.*® The catalyst is usually anhydrous hydrofluoric acid and, as has 
been said (see page 81), much interest has been focussed on the recovery of 
the catalyst; though admixtures have also been claimed such as aqueous 
hydrofluoric acid,’” fluoboric acid**® and hydrofluorides. *° The aqueous acid 
has also been claimed as a Catalyst for ring-closure. 20 Hydrofluoric acid has 
also been used in the treatment of lubricating oils** and coal tar distillates,” 
for desulphurizing oils?* and in cracking.** It has been proposed as a catalyst 
for the addition of hydrogen sulphide to olefines”® and of organic disulphides 
to olefines,?® and other catalytic reactions including olefine hydration,” the 
addition of carbon monoxide to aromatic hydrocarbons,** the oxidation of 
organic compounds,” the mercuration of benzene,*° the production of lubricants 
by polymerization reactions** and the softening of resins.°*” 
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CORROSIVE PROPERTIES AND HANDLING OF HYDROFLUORIC ACID 


Consideration of the handling of hydrofluoric acid and the containers in 
which it is kept and transported follows naturally after a review of the way in 
which it behaves towards various possible materials, and the available infor- 
mation on corrosive properties must first be examined. 


NON-METALLIC MATERIALS 


Amongst the non-metallic materials, the first is glass, and the attack of 
of hydrofluoric acid on this is well known. Mellor states that glass is not 
affected by the liquid if moisture is absent, but the authority for this is not 
obvious and it is doubtful whether any acid of low moisture content had been 
made at that time. Fredenhagen, the first to study critically the moisture 
content of the pure acid, showed that fused silica ware was resistant to an- 
hydrous hydrofluoric acid and used this fact in his work: it is unlikely that he 
would have overlooked the fact if indeed glass had been sufficiently resistant. 
-Moissan found that even minute traces of hydrofluoric acid vapour present in 
fluorine slowly attacked glass. The rate of attack by aqueous hydrofluoric 
on glass has been studied, and the effect of adding other acids in causing an 
increased attack is found not to be explicable on the basis of the increase of 
acidity.» The presence of small amounts, possibly unsuspected, of hydro- 
fluoric acid, may, it has been suggested, introduce errors in analytical work 
by altering the calibration of analytical glassware through corrosion, e.g. in 
the analysis of phosphates containing fluorides.* Numerous proposals have 
been made for protecting glassware from attack; a Russian patent claims a 
mixture of ceresine, resin and tar* and special procedures in waxing glass 
bottles have been protected,* including the application of special waxes in an 
organic solvent.* We may note here that Roth attempted to use waxed glass 
containers for thermochemical work on aqueous hydrofluoric acid, but found 
that slight penetration of the wax lining permitted some attack on the glass. 
Thorvaldson and Bailey, in their work on the specific heat of aqueous hydro- 
fluoric acid, used waxed glass vessels for titrations, but their calorimeter was 
made of gold. As an alternative to glass, a porous ceramic container impreg- 
nated with wax has been proposed.® In recent years special glasses with 
pronounced resistance to aqueous hydrofluoric acid have been made. An early 
patent claims a glass composed of oxides of aluminium, phosphorus and alkali 
metals, but free from silica’ and a later patent claims an aluminium phosphate 
base (P,O, 60—85%, Al,O, 10 —20%) with additions of oxides of zinc, beryl- 
lium or lead up to 30%, and a fraction of one per cent of lithia.* The behaviour 
of laboratory glassware made of these materials has been described.* The 
glassware has been marketed under the trade name ‘Fluorex’ and tests indicate 
that when it was exposed to 48% acid for 24 hours the rate of loss in succes- 
sive tests was 0-389, 0-241, and 0°212 mg./cm*/hr.,and the glass remained 
unfrosted and clear.*° 

The use of silica glass by Fredenhagen* has been mentioned; in studying 
the rate of attack of aqueous acid on silica’? it was found that this is deter- 
mined not by the free acid molecules present, but by the fluorine-containing 
ions. In the corrosion of quartz crystals, the rate of attack varies with the 
crystal face exposed and is increased by X-ray irradiation.** Studies have 
been made of the attack of aqueous hydrofluoric acid on various micas, where 
etching can produce either regular patterns or general disintegration and the 
rate varies widely with materials from different sources.” 

Though there have been considerable developments in organic materials, 
gutta percha still serves as a material for bottles for strong aqueous hydro- 
fluoric acid.*® Rubber lining is resistant to the aqueous acid, and various 
types are now used.'® In a quantitative study, ebonite after eight weeks 
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exposure at 20°C. gained 162% in weight in 6% hydrofluoric acid, compared 
with losses of 0-03% in 25% sulphuric and 0-014% in strong hydrochloric acid.” 
As regards wax, whilst there are no specific investigations of the resistance 
this seems to be good, and wax is much used in making bottles for hydrofluoric 
acid.t® Considering the newer polymeric materials, it has already been seen, 
in Fredenhagen’s work on the solvent properties of LHF, that when organic 
compounds polymerized the polymer was precipitated from solution; many 
available polymers are not attacked either by aqueous or anhydrous acid and 
several examples of their use have been given. In a careful quantitative 
study of the action of 48% acid it has been shown that urea~formaldehyde resins 
and cellulose acetate are soluble, that phenol-formaldehyde and melamine- 
formaldehyde resins are attacked and that polymethyl methacrylate swells. 
On the other hand polyethylene, and a copolymer of vinyl chloride and vinyl 
acetate, are hardly affected, and polystyrene shows outstanding resistance.*° 
It has been noted above that a Bakelite vessel was used in determining the 
densities of aqueous acids; and the use of phenol-formaldehyde, or other 
suitable resin, with a graphite filler for making containers for hydrofluoric 
acid, has been patented.”° Graphite impregnated with a thermosetting resin is 
sold as ‘Karbate’ and it is said*® that this material is resistant to 48% acid up 
to the boiling point, and to 60% acid up to 85°C., though it is not recommended 
for acids stronger than 65%. Polymethyl methacrylate was used by Roth for 
his work on indicators in dilute hydrofluoric acid, and an announcement of the 
value of a German product of this type, ‘Plexiglas’, was made at the time.” 
Later a polystyrene product, ‘Trolitul’, available in plates, rods, and tubes, 
glass clear, was recommended for use with the anhydrous acid.** Reference 
has also been made to a French material ‘Duroid’, resistant to 40% acid, as 
well as to alumina, for use in optical work.?* Attention has been drawn also 
to the value of amber, which can be hot-pressed into test tubes and other forms, 
for its resistance to 50% hydrofluoric acid.7* The silicone polymers are of no 
use in hydrofluoric acid as they are attacked and give rise to volatile products, 
the attack being greater with the anhydrous acid.*® 


METALLIC MATERIALS 


A number of reviews deal with the general behaviour of metallic materials 
towards hydrofluoric acid.’ 757? Considering firstly ferrous materials, iron 
and steel, whilst not resistant to aqueous acid, are satisfactory for acids 
stronger than 80% and, as has been seen on pages 29,32, mild steel shows very 
satisfactory resistance even at higher temperatures,”® and is generally used in 
large scale equipment for the handling and production of anhydrous acid. The 
rate of corrosion of a low carbon steel at elevated temperatures by anhydrous 
acid, penetration in inches per month, is 0-051, 0-048, 0-025 at 500, 550, and 
600°C. respectively:** no explanation is given of the apparent fall of the 
corrosion rate with rising temperature. Some comparative observations on the 
corrosive attack on steel by hydrofluoric acid and other chemicals have been 
reported.*° When hydrofluoric acid is used in etching ferrous materials, 
characteristic ‘barley shell’ markings are produced which are attributed to the 
influence of ferrous fluoride crystallizing out and not to the structure of the 
alloy.** When iron is exposed to aqueous fluoride solutions, protective films 
reduce the rate of attack.** Among the ferrous alloys high-silicon irons, 
normally highly resistant to acid attack, do not resist aqueous hydrofluoric 
acid.*® The stainless steels are said to be subject to the pitting type of 
corrosion, and are to be avoided?® except possibly for anhydrous acid,’® in 
which, itis said, the addition of nitric acid completely inhibits attack. Some 
results of high temperature tests have been given (in Table XXXIV), but are 
not very concordant: 
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TABLE XXXIV.- CORROSION OF STAINLESS STEELS” 


Penetration, in./month at 
Leck aia 


14 — 18%Cr. remainder Fe 


18/8  Cr/Ni. remainder Fe 
18/10 Cr/Ni +Cb. remainder Fe 
25/12 Cr/Ni +Cb. remainder Fe 
25/20 Cr/Ni. remainder Fe 


Some figures obtained for other metals in the same high temperature cor- 
rosion test are given in Table XXXV. 


TABLE XXXV.- HIGH TEMPERATURE CORROSION TESTS” 


Penetration, in./month at 


0-003 


Nominal 
Composition 


Nickel . 
70/30 Ni/Cu 


Monel 

Copper 

Inconel 80/ 14/6 Ni/Cu/Fe 
Aluminium 2S 2% Mn 


Magnesium Dowmetal G 
There can be no doubt about the good performance of the nickel alloy, and 
generally nickel and monel are said to be the best metals for resistance to 
hydrofluoric acid*® 7% 7% 7® although copper also shows very high resistance. 
The rate of corrosion in mixtures of water vapour and hydrofluoric acid is 
given below,”® and is of the same order as in pure hydrofluoric acid:- 


Rate of penetration, in./month at 


550° 600° 650° 700° mo0s 
Monel — 0-002 0-005 0-013 0-017 
Nickel 0.0026 0-006 0-009 0-012 0-010 


Other complex alloys containing nickel and various other alloying metals, 
‘Hastelloys’, ‘Chlorimets’, ‘Durimets’, show good resistance even to aqueous 
acid, although in some cases the Hastelloys may corrode badly.*® 

Aluminium is corroded by agueous hydrofluoric acid*® but an alloy with 2% 
of manganese is reasonably resistant to the vapour of the anhydrous acid at 
500 and 600°C. as shown in Table XXXV above. The acid has been used in 
etching pure alumtnium.** Magnesium and its alloys are generally said to be 
very resistant to all strengths of hydrofluoric acid** but attack may occur when 
sulphuric acid and hydrofluosilicic acid are present.*® The influence of fluor- 
ides on the corrosion of magnesium in chloride solutions has been studied.*® 
Tantalum is rapidly attacked*® and hydrofluoric acid has been proposed for use 
in its electrolytic polishing;*” titanium suffers some attack by aqueous acids;*® 
silver is unattacked by cold 46% acid*? and ranks in resistance with platinum 
and monel.*?”_ Lead is resistant up to the boiling point at strengths of acid 
not exceeding 60%, but above this shows some attack.”® 

From this review of the handling of aqueous or anhydrous acid it is obvious 
that a variety of materials is available and that in laboratory work, in spite of 
the attack on glass and notwithstanding a contrary opinion relating to work 
with the anhydrous acid,*® there are various solutions to the problem of ‘seeing 
what happens.’ 
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HANDLING OF HYDROFLUORIC ACID 


The handling and transport of hydrofluoric acid were discussed quite briefly 
by Mellor (II, 128): it had been recommended that the anhydrous acid be kept 
in platinum bettles, but this was too expensive and ceresine wax bottles were 
generally used. The commercial (aqueous) acid was bottled and sealed in 
lead, gutta percha, paraffin or ceresine wax bottles. 

A clear distinction must still be drawn between the anhydrous acid and 
aqueous solutions, for two reasons: the difference in boiling point and the 
very different corrosive properties. Because of its low boiling point, the 
anhydrous acid must be treated, according to British regulations, as a liquefied 
gas for transport purposes and so must be kept in containers which can with- 
stand an appreciable pressure. The aqueous acid, on the other hand, has no 
very great vapour pressure at any temperatures likely to be met with in ordinary 
circumstances, and its containers are subject to no such requirement. As 
regards corrosion in relation to handling, it has been pointed out that the 
anhydrous acid is an entirely different material from the aqueous acid,** and 
that between 60% and 80% strength the corrosive effects change very greatly. 
Below 65% the corrosion of lead is low, but the rate of Corrosion increases 
rapidly above this strength. Below 60% the attack on steel is very consider- | 
able whilst above 80% there is no appreciable attack. Rubber, neoprene and 
many plastics are excellent in weak acid, but are increasingly attacked above 
60% strength. 

The anhydrous acid, normally material of 98% strength or greater although 
it can include material with 80% only of hydrogen fluoride (which is a strength 
made in one works in the U.S.A. and shipped to another works for rectification), — 
is shipped in steel cylinders and tank wagons which in Great Britain come 
under the Regulations for liquefied gases.**7 These vessels may be designed 
for taking off the vapour, or with a dip-pipe so that liquid can be withdrawn 
through the valve. 

For the aqueous acid, which is shipped in various strengths up to 65%, a 
variety of containers may be employed, and these have been described for 
American practice.** The weaker acids, up to 30%, may be shipped in wooden 
barrels, which must be asphalt lined and tested before use to withstand a 
pressure of 5 lb./sq.in., or in tank cars, similarly lined. Rubber lined vessels 
may be used for strengths up to 40%, and lead carboys or rubber lined drums up 
to 65%. For small quantities, containers of rubber, ceresine, lead ‘or other 
material resistant to hydrofluoric acid’ (such as polyethylene) are permitted but 
must be packed in a wooden box. Between 60% and 80%, drums and tank wagons 
of plain steel may be used, but they must be ’passivated’ (rendered passive) by 
previous exposure to acid. This treatment has been patented** and consists in 
filling the iron vessels to 90% capacity with 58% acid and allowing them to 
stand for 48 hours at 27°C, and then for 7 hours at 60°C. | | 
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THE USES OF HYDROFLUORIC ACID, FLUORIDES, 
AND OTHER FLUORINE COMPOUNDS 


Only a brief condensed survey of this field can be given; further informa- 
tion may be found in technological encyclopaedias e.g. ‘Kirk-Othmer’.* Cal- 
cium fluoride, as already seen, is the main source of fluorine compounds in 
industry, although natural cryolite is extensively used, and the recovery of 
fluorine, usually as fluosilicate, from phosphate rock processing is yet another 
source of fluorine. Calcium fluoride is either converted to hydrofluoric acid 
or used directly, in the iron and steel industry and in other metallurgical 
processes, welding, etc. as a fluxing agent. Another considerable use is in 
glass and vitreous enamels; the clear variety is used for ornamental purposes, 
and synthetic crystals clear enough for optical purposes are now made. Hydro- 
fluoric acid is used for making most of the other fluorides needed in trade and 
in industry, and for making organic fluoro-derivatives: and much is needed for 
the Atomic Energy industry, where the use of uranium hexafluoride calls for 
fluorine and fluorine-resistant materials. It is used also as a catalyst in the 
petroleum industry, mainly for the production of ‘alkylate’, a mixture of hept- 
anes and octanes of high ‘octane number’, from olefines and butanes. It is 
used for making aluminium fluoride and synthetic cryolite for the aluminium 
industry. Hydrofluoric acids of various strengths are of course used for 
etching and frosting glass and the concentrated aqueous acid is used for 
‘polishing’ cut glassware. Boron trifluoride has become available commer; 
cially, as a compressed gas in cylinders or as an additive compound, e.g. with 
ether, water (fluoboric acid) etc.; it has aroused much interest as an organic 
catalyst and for the preparation of organic compounds, and the fluoborates 
have found special uses in the metal industry and, for example, in electro- 
deposition baths, for nickel and other metals. Hydrofluosilicic acid and its 
salts have found applications as disinfectants, as insecticides and fungicides, 
in tanning, and in electroplating and refining. Fluorosulphonic acid has 
proved of interest as an organic catalyst, for use in organic preparations, and 
in electrochemistry. A number of inorganic fluorides, including those of 
sodium, potassium, barium, magnesium, and lithium, are useful as fluxes, as 
heat treatment salts and for other similar purposes in metallurgical industry 
and in the glass and enamel industries. Beryllium fluoride is used as a 
molten bath in the production of beryllium, chromium trifluoride is used as a 
mordant in dyeing, and rare earth fluorides are used in arc lamp carbon cores. 
Sulphur hexafluoride has been proposed as a valuable gaseous dielectric 
because of its high breakdown voltage. 

Among organic compounds, there has been extensive development of the 
simpler fluorochlorocarbon compounds, marketed as ‘Freons’ and ‘Arctons’. 
The stability, inertness and volatility of such compounds as difluorodichloro- 
methane, CF,Cl,, has led to their use as propellants for aerosol insecticides, 
and, developing from this, for many like purposes such as spraying paints, 
floor waxes, cosmetics and perfumes. The first development of these com- 
pounds was of course as refrigerants, and this application has expanded very 
considerably. Through such derivatives as benzotrifluoride, fluorine has 
found some applications in dyestuffs, and the polymers of tetrafluoroethylene 
(‘Teflon’, ‘Fluon’) and of trifluorochloroethylene (‘Kel-F’,? ‘Fluorothene’)? 
have been found of great value for certain uses. Fluorocarbon lubricants and 
fluorochlorocarbon lubricants have been developed, especially for the Atomic 
Energy industry. 

Fluorides are used, or proposed for use, for a variety of reasons in vitreous 
enamels and in the glass industry.* In vitreous enamels® the principal com- 
pounds used are cryolite, fluosilicates, and calcium and sodium fluorides, 
mainly for their opacifying effect® though they are beneficial also for their 
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assistance in fluxing the frit.’ The opacifying action is said to be due to 
crystallization rather than to the formation of gas bubbles® though volatiliz- 
ation, giving rise to losses, does occur.” The colour imparted to enamels by 
iron oxide depends on the proportion of fluoride present.*° A ceramic lining 
made from fluorspar’* and capable of withstanding a temperature higher than 
1200°C. is rather outside the class of enamels. The production of refractory 
ware from calcium fluoride, which has been mentioned as of use in the pre- 
paration of fluorine, has been the subject of a recent Russian patent.*? In the 
glass industry, fluoride additions act as accelerators of the melting process,** 
reduce the viscosity of the melt** and may also provide an opacifying action as 
in enamels.*® A _ decolorizing action of sodium fluoride additions has also 
been suggested.*® The use of fluorides in this field has been generally re- 
viewed.*’ The addition of fluorides and other elements to give special optical 
glasses has been proposed,’*® including an all-fluoride glass.*® The uses of 
fluorides and particularly hydrofluoric acid for engraving*® and frosting” glass- 
ware, and in graduating scientific glassware*” are well known. More recent 
developments of the superficial use of fluorides on glass have been in the 
direction of reducing the reflection and glare from glass surfaces in optical 
systems”* and an unusual one is the strengthening of glass bottles by hydro- 
fluoric acid treatment.** 

In the cement industry, fluoride additions have a mineralizing action?® and 
a series of studies has been reported of this effect on individual mineral 
formation:** it may be related to the mineralizing action in geochemistry.”’ 

The closely adherent oxide coat formed on aluminium and its alloys in 
appropriate circumstances is of great value in imparting corrosion resistance. 
The development of magnesium alloys for constructional purposes, which began 
in the 1920’s, opened up the question of preventing corrosion with this metal 
also. Unfortunately the oxide film does not protect magnesium, and in the 
1930’s there was marked activity, mainly in the patent field, relating to the 
production of fluoride films on magnesium. Dipping processes were inade- 
quate’® and recourse was had to anodic treatment in a variety of baths. Molten 
baths of low melting salts such as potassium bifluoride were proposed’”’ to 
which various additions such as boric oxide*® or urea** were made; or the 
bath might contain more hydrofluoric acid, up to KF,4HF, or might consist of 
ammonium acid fluoride up to NH,F,5HF** or of the acid hydrofluorides of 
organic bases;** or aqueous,** alcoholic or polyhydric alcohol** solutions of 
neutral highly soluble fluorides might be used. The coatings so obtained may 
require subsequent treatment with wax, lacquer etc. to seal the pores.*® 
Fluorides have also been proposed for the protection of magnesium against 
corrosion in a special case.*” 

It has already been seen, under the occurrence of fluorine, how attempts 
have been made torectify the errors of Nature so far as the fluorine content of 
drinking water is concerned. This has led to another use for sodium fluoride 
or fluosilicate***° and to trouble in making ice from treated water.*° For 
insecticidal uses the water-insoluble double fluorides of aluminium and the 
alkali metals** have been suggested. . For wood preservation, sodium fluoride 
and sodium fluosilicate are used, though other salts have been proposed.‘**"** 
Hydrofluoric acid has been used as a preservative for fruit juices, and this 
practice has been attacked and defended.**9*® The use of fluorides and fluo- 
silicates to protect wool against clothes moths has also been considered*’ 
In the processing of wool, treatment with elementary fluorine has been claimed 
to have a beneficial non-felting effect.**°° Hydrogen fluoride**"** and fluorides” 
have been found useful for activating catalysts, in photographic print ma- 
terial,®* 5° in phosphors;5% 5* to improve the strength of asbestos paper,®” to 
give silica-free powdered iron,®° to increase the flow of oil wells,” in making 
a micaceous insulator,®? as a defoliant®* and in the production of fresh water 
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from sea-water.©* Fluorides have assisted in cleaning evaporator tubes,® in 
the caer of rubber®® and in the production of persulphates. °7 The use of 
fluorides in metallurgical industry has been described, and in the steel indus- 
try it has been suggested that they lead to removal of sulphur.®® The use of 
hydrofluoric acid for liberating other acids has been proposed”® and possible 
new uses of fluorides in industry have been discussed.” In organic chemistry, 
fluorides have been proposed to assist recovery in a nitration process” and 
certain uses for fluorinated hydrocarbons have been claimed.’* The properties 
of the plastic Kel-F, polytrifluorochloroethylene, have been described.#* Re- 
cently it has been stated that the output of hydrofluoric acid in the U.S.A. is 
expected to rise to 60,000 tons per annum by 1955, and that the large uses 
will include production of high octane fuel; pickling stainless steel; refining 
rare metals; making ‘Freons’ for refrigeration; air conditioning; plastics; 
aerosol propellants; and atomic energy requirements.”* 
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SECTION V. 


COMPOUNDS OF FLUORINE WITH 
CHLORINE, BROMINE AND IODINE. 


By H.R. LEECH 


THE HALOGEN FLUORIDES 


In the original Treatise, Mellor said that fluorine and chlorine form neither 
compounds nor mixed crystals, and it was indeed true that no compound of 
fluorine with chlorine had then been reported. The only halogen fluorides 
described at that time were the trifluoride of bromine and the pentafluoride of 
iodine. Since then two chlorine fluorides, two more bromine fluorides and 
another iodine fluoride have been prepared (Table I), all being first reported 
by Ruff and his colleagues between 1928 and 1934. 


TABLE I.- THE HALOGEN FLUORIDES 


Compound 


Chlorine monofluoride | ~100+1 
Chlorine trifluoride +11-75 
Bromine monofluoride +23 


Bromine trifluoride 125-76 
Bromine pentafluoride .40-5 
Iodine pentafluoride | 98 
Iodine heptafluoride 4.5 


* but see below 


As will be seen below, Ruff had gone to a great deal of trouble to try to 
combine fluorine and chlorine. The simplest and easiest way to cause chemical 
reaction is to heat the reactants, and in fact fluorine and chlorine combine 
explosively when so treated: fluorine reacts immediately with bromine and 
iodine at ordinary temperatures, and the higher fluorides are readily made by 
further action of fluorine at about 250°C. on the lower fluorides first formed. 
It is essential to use dry materials and apparatus, and the fluorine must be 
freed from hydrogen fluoride by methods which have already been described. 
These halogen fluorides are now all well characterized with the exception of 
bromine monofluoride, which is unstable and on the existence of which some 
doubt has been cast.* They are all very reactive compounds, with properties 
in many respects very similar to those of fluorine. They react violently with 
water and with organic compounds containing much hydrogen; they will react 
-with most oxidizable materials in appropriate circumstances, but they can quite 


if 


teadily be handled in steel equipment at ordinary temperatures. The materials 
/that may be used in handling the halogen fluorides are in general the same as 
| fluorine (q.v.) although in certain cases these compounds may be more 
corrosive than fluorine itself. 

In recent years chlorine trifluoride and bromine tri- and pentafluoride have 
become commercially available,” and several workers have referred to the use 


of these commercial supplies; iodine pentafluoride has also been obtained 
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commercially. These compounds may be expected to become valuable re- 
agents as their properties become more widely known. Some of them have 
already become of special interest, as will be seen below: chlorine trifluoride 
was to be made on a scale of 1000 tons annually in Germany during World War 
II; bromine trifluoride has been found to show particularly interesting solvent 
properties; iodine pentafluoride has been of value in the preparation of per- 
fluoroalkyl halides, which are useful in synthetic fluorocarbon chemistry. A 
number of reviews of the halogen fluorides have been published in recent 
years**# as well as lectures and discussions.*° Sidgwick has discussed 
steric factors arising in the formation of the compounds,’ this subject having 
also been considered earlier by Ruff.*® 


CHLORINE MONOFLUORIDE 


In his book ‘Die Chemie des Fluors’, published in 1920, Ruff tried to esti- 
mate the probable heat of formation and volatility of chlorine fluoride, which 
he said could be expected to be CIF.’ He concluded that the heat of forma- 
tion was likely to be greater than -8 kg.-cal., so that the stability of the com- 
pound would be about the same as that of hydrogen iodide or possibly greater. 
It was estimated that the boiling point of such a compound would be about 
-100°C., and unsuccessful attempts to prepare it were described. Chlorine 
in a nascent state, produced in as many different ways as possible, was 
caused to react with fluorine.*® In this way it was found that there was an 
extraordinarily violent reaction between dry hydrogen chloride and fluorine, 
and in making rhodium fluoride from the chloride and fluorine, some explosions 
occurred. When chlorine was introduced into fluorine, and heat was applied 
at the point of introduction, a pale flame was observed and much heat was 
evolved, but the compound so formed evaded isolation. When, however, 
hydrogen chloride gas was passed into liquid. fluorine, there was a green 
flame, a mist was formed, and white flakes sank to the bottom of the vessel. 
From this mixture it was possible to isolate a compound boiling between — 
-80° and ~110°, and it was then found that the compound could more readily be 
made by mixing chlorine with fluorine in a copper vessel heated to 250° and 
carrying out a fractional distillation on the product condensed in liquid air.** 
A colourless gas with a strong odour was obtained which condensed in liquid | 
air to a white solid, m.p.-161° b.p.-103°C.; the reactions of this compound 
were similar to those of fluorine, but in some cases, especially with arsenic 
and antimony, more vigorous. Shortly after this discovery Fredenhagen and 
Krefft described experiments on the sparking of fluorine=chlorine mixtures in 
a gas bulb.** A yellowish-red flame spread through the vessel on sparking, — 
and when the gases were present in suitable proportions there was a violent 
explosion. If, on the other hand, the vessel was thoroughly dried by strongly 
heating in a streamof dry air, a flame could be produced on sparking fluorine- 
chlorine mixtures in it but there was no explosion; admission of a trace of 
moisture, however, again gave rise to explosive reactions. These authors 
thought that Ruff was wrong in suggesting that an equilibrium, 


at) Loe ele 


' wasestablished; they held that the explosions indicated that the.two reactants. 
must have a strong affinity and that combination must be essentially complete. 
About this time Ruff was able to demonstrate the combustion of fluorine in 
chlorine as a lecture experiment; a vessel of lead glass filled with chlorine 
had an internal jet delivering fluorine, the jet being wound witha platinum 


wire electrically heated to ensure the initiation and continuance of combus- 
2 13 
tion. 
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CELORINE MONOFLUORIDE: PREPARATION 


Ruff’s method of passing the mixed gases in the correct proportions through 
a copper tube at 250°C. is eminently simple; it has been used more recently 
and a temperature of 220-230°C. has been recommended.** The reaction of 
chlorine trifluoride with an equal volume of chlorine under similar conditions 
has been used,** and now that chlorine trifluoride can be purchased, this offers 
a ready means of making the gas. A third method used by the same authors, 
of fractionally distilling the monofluoride froma cylinder of commercial chlorine 
trifluoride, in which they find appreciable quantities of the monofluoride occur 
as impurity, seems to reflect adversely on the quality of the supply. Other 
workers have acknowledged the gift of supplies of the gas from chemical 
manufacturers.** The interaction of chlorine monofluoride and fluorine in 
equilibrium with the trifluoride will be discussed under that compound, but it 
may be noted here that the thermal dissociation of the trifluoride, which has 
been used as a source of fluorine, may equally be regarded as a source of 
chlorine monofluoride, although the reaction of the trifluoride with chlorine 
discussed above is perhaps more economical. 


CHLORINE MONOFLUORIDE: PHYSICAL PROPERTIES 


The m.p. of chlorine monofluoride is -154° + 0-5,*7 =155-6°**® the b.p., 
=100-8°,*7 ~100-1°,** the vapour pressure, determined between =150° and-105°, 


5 
- is given by log pmm.= 15-738 ote eae The density at the boiling 


point is 1-62.*® Ruff and Laass gave 2:27 kg.-cal. for the molar latent heat*’ 
but in a later paper stated that this was in error.*® The recalculated value 
was 4-8 kg.-cal., from which the value of Trouton’s constant was 28-0. This 
figure is abnormally high and, together with evidence that their chlorine mono- 
fluoride was contaminated with trifluoride, convinced Ruff that the vapour 
pressure needed to be redetermined. There is no record of this having been 
done, but in a more recent critical compilation the latent heat is given as 
5-34.79 The thermodynamic properties have been calculated from the spectrum 
of the compound” and are given in Table II. | 

Some comparable data, differing very slightly from those in Table II, have 
been calculated from the Raman spectrum.** The thermochemistry has, not 
unnaturally, been given some attention. As has already been seen, Ruff 
thought that in heat of formation and stability the compound might be like 
hydrogen iodide, and it was thus, perhaps, that he was led to look for an 
equilibrium reaction in its formation, which Fredenhagen pointed out was 
wrong. The first experimental determination of the heat of formation of 
chlorine monofluoride by Ruff and Laass gave 24-7 kg.-cal.?” later corrected 
to 25-7 kg.-cal.7* A calculation of the dissociation energy to the ground 
state, from spectral data, led to a value of -60-31 kg.-cal., which could not be 
reconciled with the heat of dissociation of chlorine, the above heat of forma- 
tion, and the then accepted figure for the dissociation energy of fluorine. 
It was concluded that the dissociation energy of fluorine must be lower than 
was believed, and the heat of formation of chlorine monofluoride less than the 
values so far determined. The spectral value given above for the dissociation 
energy has been confirmed,** and the thermochemistry of the reaction between 
chlorine monofluoride and sodium chloride further studied.*© The reaction 
proceeds smoothly in silica, there is no trace of fluorine in the exit gas, and 
the mean of ten determinations gave NaCl + CIF -> NaF + Cl, + 24-5 kg.-cal. 
+ 0-1] at 18°C. (In the same paper, for the corresponding reaction with fluorine 
a value of 39-5 + 0-5 kg.-cal. was obtained, where von Wartenberg had obtained 
39-3 kg.-cal. (see page 62)). This gave for the heat of formation of chlorine 
monofluoride at 18°C., 15 + 0-5 kg.-cal,,which is very different from the value 
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TABLE I.- THERMODYNAMIC FUNCTIONS”! OF ISOTOPIC C1F’ 


hae Pate =(F°=HO)/T a Cp 
g.-cal./deg.mole g.-cal./deg.mole| g.-cal./deg.mole 


44.904 52-045 
44.948 52-092 
46-056 53-292 
47-029 54-358 
48-684 56-189 
50-067 57-731 
51-259 59-057 
52-308 60-221 
53-246 61-257 
54-094 62-191 
54-870 63-041 
55°584 63-821 
56-245 64+°542 
56-862 65-212 
57-440 65°837 
57°983 66-424 
58-496 66-977 
58-982 67-500 
59-444 67-995 


59-883 68-466 


determined by Ruff and Laass. Combining this with the dissociation energy, 
the heat of dissociation of fluorine is either -30-6 or -33-4 kg.-cal. A value 
of 11-6 kg.-cal. + 0-4 has been obtained by measurement for the heat evolved 
in the reaction of fluorine and chlorine.??. The question is further discussed 
under chlorine trifluoride where it is shown that 11-6 kg.-cal. is the most 
likely value. It has also been concluded that the bond in this compound is 
20% ionic, 80% covalent.*® 


CHLORINE MONOFLUORIDE: CHEMICAL PROPERTIES 


As regards the chemical properties of chlorine monofluoride, there has 
been little study, and what is known suggests that much awaits discovery. 
Ruff gave some general properties,*® but these data are not too reliable in the 
absence of precise information on the state and purity of the reactants and 
the conditions of the reactions; this is, for example, clearly shown in the 
influence of traces of moisture on the formation of chlorine monofluoride. Ruff 
stated that the gas attacks glass, leading to the formation of chlorine mon- 
oxide from the silica, 4CIF + SiO, — 2C1,0 + SiF,, but more information on 
the dryness of his apparatus is desirable. He stressed the general similarity 
of the reactions of chlorine monofluoride and fluorine, both being outstanding 
in their attack on moist materials and on most common organic compounds. 
He stated that the compound was less reactive towards sulphur than was 
fluorine, but it was more reactive to cotton wool and to metals.** The general 
handling and manipulation of chlorine monofluoride is similar to that of fluorine 
(q.v.). In work on the spectrum, fused silica has generally been used, but 
the use of cells machined from ‘Fluorothene’ (polytrifluorochloroethylene) and 
provided with rock salt windows has been described.45 The rock salt windows 
were attacked, slowly at low pressures, more rapidly at higher pressures, and 
the infra-red transmission of the windows was affected. 

The reaction of chlorine monofluoride with carbon monoxide has been des- 
cribed;*® when the gases are mixed, using excess of the latter, at -18° in an 
iron vessel carbonyl chlorofluoride, COCIF, is obtained in 85-90% yield. In é 
the same circumstances chlorine trifluoride gives a yield of only 10%. Carbon 
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monoxide also reacts with bromine trifluoride and iodine pentafluoride to give 
the carbonyl bromo- and iodo- fluorides. 


CHLORINE TRIFLUORIDE 


When Ruff was determining the heat of formation of chlorine monofluoride, 
he took successive portions of the compound from a bulk sample condensed in 
liquid air, and found a systematic increase in the values obtained for the heat 
of reaction. He was led to suspect the presence of a less volatile compound 
and by fractional condensation of the product from the reaction of fluorine and 
chlorine, supplied at the rate of 1200 cc. and 800 cc. per hour respectively in 
the chlorine monofluoride reactor, Ruff and Krug were able to separate this 
‘ compound and characterize it as chlorine trifluoride.’? The composition and 
many physical and chemical properties were given at the same time. 


CHLORINE TRIFLUORIDE: PREPARATION 


The reactor used for this work was of copper, which has also been used in 
later reactors.7** The outstanding resistance of copper to fluorine, at 350°C. 
and even higher, has already been noted. But Ruff and Giese, in pointing this 
out, said that the addition of chlorine to the fluorine accelerates the reaction 
between metal and fluorine considerably.”? It may therefore be inadvisable to 
use copper, and nickel has been used.®° This metal was used for a large 
industrial unit erected in Germany during the war, 1939 —45, to make something 
over 1000 tons per year of chlorine trifluoride, to be used by the German Army, 
it is stated, in flame throwers and as a general incendiary agent.*° The 
fluorine cells and the hydrofluoric acid plant for this project have already been 
described. The fluorine was compressed to 2 atm., cooled to -G0° to remove 
hydrofluoric acid, and then passed through an orifice flowmeter to give the 
flow rate to which the flow of chlorine could be adjusted. The fluorine was 
divided in 1:2 proportion, and the smaller portion was first converted into the 
monofluoride, to which the remaining fluorine was then added for conversion 
into trifluoride. The reaction was carried out in three reactors in series, of 
shell and tube type, made completely of nickel: the chlorine and fluorine were 
preheated to 200° in nickel heaters and then, once the reaction had started, 
the reactors were cooled by air blowing. The arrangement of the reactors was 
such that gradual mixing of the reactants occurred, and one reactor was 10ft. 
between tube plates, 28 in. diameter, and provided with % in. tubes at 1%" 
triangular spacing. The overall efficiency of the reaction was 95%. The 
gases from the reactors were cooled, and the condensed chlorine trifluoride 
was stored in steel vessels of 5 cu.m. capacity. In connection with their 
2000 amp. fluorine cell at Leverkusen, I.G. Farbenindustrie had a small 
chlorine trifluoride reactor?®** which was a Monel metal tube of 1 in. bore, 
44 ft. long, maintained at 250°C. The product was filled into steel cylinders. 

Since the publication of the above work on preparation methods, it has 
been shown that chlorine trifluoride dissociates into the monofluoride and 
fluorine, to the extent of 4-9% at 300° and increasingly at higher temperatures 
(see page 154). Thus in any preparation, as some heating is necessary to 
secure a reasonable rate of reaction, the yield on fluorine must be less than 
100%. The yield cannot be increased by increasing the proportion of chlorine; 
this would only lead to greater production of the monofluoride (which may well 
explain the reported presence of this compound in some commercial materials). 
The yield could however be increased by bringing to equilibrium, condensing 
out the bulk of the trifluoride, and then re-equilibrating. 

It has already been pointed out that chlorine trifluoride is available com- 
mercially both in U.S.A. and in Great Britain. 
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CHLORINE TRIFEUORIDE: PHYSICAL PROPERTIES 


The properties of chlorine trifluoride were fully described by Ruff and 
Krug in their first paper on the subject, and the properties have also been 
given in the reviews referred to above, and in a special compilation. * The 
compound gives dense white fumes in air, and when pure the liquid is almost 
colourless, although decomposition products — especially from traces of mois- 
ture — may lead to development of colour, very pale at first but deepening to 
dark green and brown.'® It freezes to a white solid, of which the m.p., first 
given as -83°C., was later corrected to =82-6°,7* though a more recent deter- 
mination of high accuracy gives -76+3°C. (196-84°K).** Ruff*® gave a vapour 


pressure equation, log Pim.= 7°42 ages, giving a normal boiling point of 


11.3°, latent heat of evaporation 5-9 kg.-cal./mole, and critical temperature 
1096-917 33 
t + 232-75 
normal boiling point of 11-75°, which is almost the mean of Ruff’s value and 
another determination of 12-0°.°* The latent heat of fusion is 1-8193 kg.-cal./ 
mole, while that of evaporation is 6-580 kg.-cal./mole, and data on heat cap- 
acity and entropy have also been given.** The values here reported for heat 
capacity of the liquid and for entropy are given in Tables If] and IIIa. For the 
solid at 14°, 62°, 97° and 175°K. the molal specific heat was 1-03, 9-07, 12-10, 
17-63; for further data, from 14°K., the original paper should be consulted. 
There was a transition in the solid at 190-5°K. 


TABLE [fI.- MOLAL HEAT CAPACITY OF 
CHLORINE TRIFLUORIDE, g.-cal./deg. 


153-5°C. The more recent work gives log pany = 7°36711 — and a 


196-84 | 216-53 248-61 


202-76 219-84 259-30 
204-83 226°95 269-86 
207-69 237°83 278°25 


TABLE Illa.- ENTROPY OF CHLORINE TRIFLUORIDE, g.-cal./deg. mole. 
S,40(3° freedom, 0= 102-65) 0-373 

21-436 
1-892 
0-621 
9-243 
10-090 
43-66+0-10 
23-10 
0-1] 
66°87 


S 1 40190+50° Solid, 
S 190.50° transition, 


5 190+5-196-84° Solid, 
S 196«84° fusion, 


5 196.84-284-9 1° Hiquid, 

Entropy of liquid at b.p., 284-91°K. 
So 4.9 1° Vaporization, 

Correction for gas imperfection 
Entropy of the ideal gas at the b.p. 


Thermodynamic properties of the unassociated vapour at 760 mm. pressure, 
calculated from the Raman spectrum, are given in Table IV.?? 

The density of the liquid between ~5° and +46° is given by d = 1.8853 
~ 2+942x10°*t — 3+79x107%t? g./cc.** The specific electrical conductivity is 
less than 10°§ ohm.“ cm. at 0°C.*® Ruff!® always obtained low values for the 
vapour density owing to a small amount of reaction with the glass container; 
three values (H=2) gave 86-71, 87-49, 87-93 (CIF, = 92-46). Subsequent 


workers, however, from measurements in quartz between 300 and 800 mm. and 
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TABLE IV. - THERMODYN AMIC PROPERTIES OF 
CHLORINE TRIFLUORIDE VAPOUR, g.-cal./mole. 


between 9° and 24°C., have concluded that there is some association, and 
give values of the equilibrium constant 


2 
Ky = “CIF; (in atm.) 
POLF, 


= 20:9 (9+5°C.), 32-1, (20°C. ), 35-4 (24-2°C,) for the reaction Cl,F, = 2CIF,, 
The value of Trouton’s constant for chlorine trifluoride, 24-1, supported this.28 
From the Raman spectrum, it is concluded that the chlorine trifluoride molecule 
is probably a symmetrical pyramid,**but it has also been stated that the Raman 
spectrum suggests either an unsymmetrical form or, more probably, association 
in the liquid state *” (see page 226), 


CHLORINE TRIFLUORIDE: THERMOCHEMISTRY 


The heat of the reaction of chlorine trifluoride with sodium chloride was 
determined by von Wartenberg as 86-8+0+3 kg.-cal., from which 


“EF, + %4Cl, —» CIF, + 28-4 + 0-3 kg.-cal;*® 


another value of 76-5 kg.-cal. has been reported for the sodium chloride reac- 
tion by Schmitz and Schumacher,”* but this was only described as a preliminary 
experiment, and presumably no high order of accuracy was expected. Von 
Wartenberg found a low vapour density for the chlorine trifluoride used in his 
work (92-0; calculated for CIF, 92-6) and, expecially in view of the reported 
association, this low value is surprising and may indicate the presence of 
chlorine monofluoride. If such an impurity were present a low result would 
be obtained, and thus pure chlorine trifluoride should give a higher figure than 
the 86-8 given above. In view of the recent work of Bode** on the formation 
of active fluorine compounds in the reaction of fluorine with alkali chlorides, 
it would be reassuring to have some examination of the solid product of the 
‘reaction reported. The value obtained for the heat of formation of chlorine 
trifluoride depends on the difference of the heats of formation of sodium fluo- 
tide and sodium chloride, for which Schmitz and Schumacher took their ex- 
perimental determined value of 39-5 and von Wartenberg took 38-4. The 
value 38-2 kg.-cal. is, however, obtained if the values for sodium fluoride 
and chloride in a recent critical review are taken.”° The values of reaction 
heats have, therefore, been recalculated to this basis. From von Wartenberg’s 
determination the heat of formation of chlorine trifluoride is 27+8, from that 
of Schmitz and Schumacher it is 38-1. Correcting the results of the latter 
workers on the heat of formation of chlorine monofluoride, in the same way, 
the value of 13-7 kg.-cal. is obtained. From the various values available, 
a number of values for the heat of reaction of chlorine monofluoride and fluo- 
rine can be calculated, as set out in Table V. 
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TABLE V.- VALUES FOR THE HEAT OF REACTION (kg.-cal.) 
OF CHLORINE MONOFLUORIDE AND FLUORINE 


Heat of (CIF +F,) 
taking Qf (CIF,) as 


16-2 26-5 


15-5 25+8 
14-1 24-4 


Qf (CIF) 


taken as 


CHLORINE TRIFLUORIDE: DISSOCIATION 


Further guidance as to the most probable values is given by a study of the 
equilibrium of chlorine monofluoride and fluorine undertaken by Schmitz and 
Schumacher who observed the pressure-temperature relation for chlorine tri- 
fluoride sealed in nickel and magnesium vessels, measuring the pressure by 
means of a silica spiral manometer.‘° The nickel vessel was the better, 
showing very little attack. Their values for the equilibrium constant are: 


eC 180 200 225°) 2507" = 2300ue 350 
Ky. atm. 0-069 0-212 0-63 2-98 24 143 
For the degree of dissociation they give 1-75%, 4-9% and 11-9% at 250°, 300°, 
and 350°C. respectively. 7 
From the data on the equilibrium constant, the heat of the reaction was 
estimated to be 25 + 2 kg.-cal. at 300°C. The work was repeated by Schafer 
and Wicke ”* who, using the same technique as in the previous work, obtained 
results in good agreement. The temperature range was limited, however, 
owing to attack on the nickel becoming appreciable at 400°C., and although 
prefluorination at 500—600°C. reduced the attack, it did not eliminate it. 
They therefore used another method, determining the rate of heat loss from 
an electrically heated nickel filament maintained in an atmosphere of chlorine 
trifluoride vapour in a silica vessel at ordinary temperature. The dissociation 
had increased to 50% at 460°C. (415°). From their results, they found log Kp = 


a + 7-06, and they calcuiated AH? = 25-5 + 0+5 kg.-cal., AH®,, = 26-5 + 065 


kg.-cal. Referring to the values given in Table V above, there is good in- 
dependent evidence for the figure 26-5, and it must be concluded that there 


was a serious error in von Wartenberg’s determination. The following figures 
may therefore be taken: 


Heat of formation of chlorine monofluoride 11-6 kg.-cal. 
Heat of formation of chlorine trifluoride 38-1 kg.-cal. 
Heat of reaction of chlorine monofluoride 

and fluorine 26-5 kg.-cal. 


CHLORINE TRIFLUORIDE: CHEMICAL PROPERTIES 


The dissociation of chlorine trifluoride has a bearing on its preparation, 
which has been considered above, and it has been used as a means of prepar- 
ing pure fluorine (** and see page 17), The exchange between fluorine in 
chlorine trifluoride, in anhydrous hydrofluoric acid, and in fluorine at ordinary 
temperatures has been studied*by the use of the radioactive isotope *®F. With 
fluorine, there is no noticeable exchange, whereas with hydrofluoric acid the 
exchange with liquid chlorine trifluoride is essentially complete in ten minutes 
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Fig. 1. BOILING POINT - COMPOSITION CURVE 


and, with the vapour, inthree minutes. It is suggested that with hydrofluoric 
acid a complex of the type HCIF, is formed, thus facilitating exchange. 
Chlorine trifluoride and anhydrous hydrofluoric acid are completely miscible* 
and the boiling point curve of the system is shown in Fig. 1.** Chlorine 
trifluoride is soluble in carbon tetrachloride, in perfluoromethylcyclohexane, 
and in other halogenated organic compounds which have been obtained by the 
reaction of chlorine trifluoride with hydrogen-containing compounds.%** Qne 
of Ruff’s first observations was that chlorine fluoride reacts vigorously with 
cotton wool and that, other things being equal, burning proceeds more easily 
in this case than with fluorine itself.‘* In the definitive paper on chlorine 
trifluoride’? it is stated that the reaction with benzene, ether, and glacial 
acetic acid is very violent, sometimes explosive, and with paraffin, vacuum 
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grease, and picein it is also violent; with cloth, cotton wool, paper, and 
wood there is immediate inflammation; with rubber tubing, violent reaction 
occurred with gas evolution and the tubing became white and brittle. Reac- 
tion with carbon tetrachloride occurred only on warming. There has been very 
little detailed study of reactions with organic compounds under controlled 
conditions. It has been stated that, whilst direct and uncontrolled reaction 
with organic compounds gives rise to carbon tetrafluoride, under controlled 
conditions both fluorine and chlorine are introduced into the organic mole- 
cule.*? One method of controlling the reaction, which has been the subject 
of patent claims, is to carry it out in an inert solvent, such as carbon tetra- 
chloride, and examples are given showing that reaction with rubber, paraffin 
wax, decalin and other organic materials gives rise to products containing 
about equimolecular amounts of chlorine and fluorine.®** These reactions 
will occur very rapidly, so that no appreciable concentration of chlorine tri- 
fluoride in solution will build up. Should solutions of appreciable concentra- 
tion be produced accidentally, however, they are liable to be detonated by 
small amounts of incidental impurity.** In another patent the use of a solu- 
tion of halogen fluoride in anhydrous hydrofluoric acid is claimed; this 
solution can undergo no further reaction and is therefore quite stable. Ex- 
amples are given showing the reaction of chlorine trifluoride with hexachloro- 
butadiene, tetrachloroethylene, trichlorobenzene, kerosene, ligroin, benzene, 
and benzotrifluoride.** In the reaction with benzene in dilute carbon tetrachlor- 
ide solution, chlorobenzene and fluorobenzene were the main products, together 
with some addition compounds and condensation products. The reaction was 
catalyzed, e.g., by cobaltous fluoride.** It has been stated that some organic 
compounds containing nitro-groups, such as T.N.T., hexanitrodiphenyl and its 
amine, sulphide, sulphone or ether (as well as highly chlorinated compounds), 
are soluble in chlorine trifluoride but the solutions are extremely sensitive to 
shock.** 

Whilst the fuming of chlorine trifluoride in moist air is, presumably, attri- 
butable to hydrolysis and the consequent formation of hydrofluoric acid mist, 
it is remarkable that no studies on the reaction with water have been published. 
Ruff observed the formation of silicon tetrafluoride (presumably through a 
subsequent reaction from the hydrofluoric acid and glass), and of a red liquid 
solidifying at -70°, which he suggested might be the oxy-fluoride C1OF.'® 
The compound has not been isolated and nothing further is known about the 
course of the reactions. The statement has been made that chlorine trifluoride 
and water react violently, and that hydrofluoric acid, fluorine oxide, and 
chlorine are formed.* If confirmed this would be surprising; since it implies 
that the chlorine is more electronegative than the fluorine: it would seem 
more likely that all the fluorine would go to form hydrofluoric acid, and that 
the chlorine would give rise to degradation products of chlorous acid. That 
there is a very violent explosive reaction when chlorine trifluoride and water 
come together is, however, undoubted. In view of this, the reaction of chlorine 
trifluoride with other substances may be greatly affected by their state of 
dryness, as well as by their state of fineness and reactivity, and therefore the 
following statement by Ruff and Krug, though the most comprehensive, should 
be taken as a guide only, and not regarded as conclusive,!® expecially as many 
of the metals listed must have been in a finely divided state. Potassium, 
molybdenum, tungsten, iron, rhodium, iridium, osmium reacted with flame; 
sodium and calcium formed protective crusts but reacted violently on heating; 
magnesium, aluminium, copper, silver, lead, tin, and zinc showed no reaction 
at first, but a violent one after starting with carbon. Palladium and platinum 
showed no reaction. Silicon, red phosphorus, arsenic, antimony, selenium and 
tellurium inflamed; sulphur also inflamed giving white fumes and a smell of 
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sulphur chloride. Bromine reacted without flame, probably giving bromine 
trifluoride, and iodine reacted with flame to give a colourless liquid, pre- 
sumably iodine pentafluoride. Many oxides gave a violent reaction with 
flame, particularly those of the following metals:- magnesium, calcium,alumin- 
ium, lead (dioxide), vanadium and tantalum (pentoxides), chromium (sesqui- 
oxide, Cr,O,), molybdenum and tungsten (trioxides, MO,), manganese (dioxide). 
Oxides of lanthanum, tin (SnO,), phosphorus (P,0,), bismuth (Bi,O,) and arsenic 
(As,0O,) showed a violent reaction but no flame; chromic acid (CrO,) gave a 
violent reaction with brown fumes. No reaction was shown with oxides of 
zinc, mercury, zirconium, thorium and iron (Fe,O,). Quartz gave no reaction, 
but even completely dry silica- and glass-wool were said to react slowly, 
and in presence of even traces of moisture were rapidly etched, giving a green 
gas and a red volatile liquid; occasionally long colourless needles were 
observed on the surface of the glass, Mercuric iodide, tungsten carbide and 
glass wool inflamed; potassium iodide and carbonate, silver nitrate, strong 
sulphuric acid, fuming nitric acid, and 10% caustic soda all gave violent 
reaction. Explosive reactions occurred with hydrogen, coal gas, sulphur 
dioxide, hydrogen sulphide and ammonia, and in the last three cases there 
were white fumes. Graphite and charcoal also burst into flame. It is probable 
that the reaction with carbon observed above was initiated by impurities. As 
with fluorine, completely dry and outgassed carbon, charcoal or graphite will 
“mot react at ordinary temperatures, but the reaction, e.g., with graphite at 
-500°C., gives rise to a complex mixture containing (by weight), 29% carbon 
tetrafluoride, 42% trifluorochloromethane, 7% pentafluorochloroethane, and 
derivatives of propane and higher compounds.*® Among carbon compounds, 
carbon monoxide and chlorine trifluoride, diluted with two volumes of nitrogen, 
when passed over active charcoal at -18° gave a 10% yield of carbonyl chloro- . 
fluoride.** Similarly cyanogen gave a mixture of fluorocarbon-nitrogen com- 
pounds and difluorobromonitromethane gave fluoropicrin.*” Whilst the earlier 
work on chlorine trifluoride indicated that it attacked glass, later studies 
showed that if water adsorbed on the glass is removed by .baking and hydro- 
-fluoric acid is eliminated from the chlorine trifluoride by sodium fluoride 
treatment, the attack on glass is prevented. Thus the work on the density of 
the liquid was carried out in Pyrex glass, without any signs of etching.** 
American workers have used tubes of ‘Fluorothene’, a polymer of trifluoro- 
chloroethylene, as being completely resistant to attack, thus work on the 
spectrum was carried out in this material*’ using windows of potassium bromide 
or sodium chloride. On the other hand these halides readily react with chlorine 
trifluoride on gentle warming, and the reaction with sodium chloride was used 
in the thermochemical work described above. Of course in this case the solid 
_would be in a granular or powder form. | 

: The state of subdivision naturally influences profoundly the reaction 
observed. Thus Rutf reported many metals above as reacting, whereas in the 
massive form and at normal temperatures many of these would be regarded as 
completely resistant. Thisis paralleled by the resistance of metals to oxygen 
in massive form, although when sufficiently finely divided they may, as in the 
case of iron, be pyrophoric. The resistance of metals to chlorine trifluoride 
is very similar to their resistance to fluorine. Thus for storing chlorine tri- 
fluoride, vessels made of iron, nickel, cobalt or their alloys have been claimed 
in a patent of German oases hic cites particularly, among the alloys, the 
stainless steel V2A. Whilst this alloy and chromium metal are unaffected, 

many metals have been fluorinated in autoclaves mags of V2A, — mercury, 
silver, copper, titanium, cobalt, platinum and lead.*”’ Chlorine trifluoride is 
contained, in the liquid form, in mild steel cylinders. The ready availability 
of chlorine trifluoride and its relatively easy handling afford a convenient way 
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of making higher fluorides, such as cobalt trifluoride or silver difluoride, in 
the laboratory.© This intermediate treatment for organic fluorination may be 
necessary since, as noted abové, the direct reaction of chlorine trifluoride 
with organic compounds under controlled conditions leads to the introduction 
of both chlorine and fluorine into the organic molecule. 

It is generally assumed that massive metals are protected from attack by 
the formation of closely adherent fluoride films and as many fluorides are 
involatile this is probably a reasonable assumption. When the metal forms a 
relatively volatile fluoride, as in the case of tantalum, there is no protection, 
and this applies to platinum at slightly elevated temperatures. In certain 
cases chlorine trifluoride causes much greater corrosion than fluorine alone; 
Ruff and Giese noted the resistance of copper to fluorine, even when finely 
divided and at 350°C.,?® but the addition of a little chlorine to the fluorine 
greatly accelerated the attack on the metal. Thus, whilst copper is a very 
good metal to use with fluorine, it is not so good with chlorine trifluoride. 
Bromine trifluoride, as will be seen below, forms complex salts of the form — 
KBrF,. No such complexes have been isolated in the case of chlorine tri- 
fluoride although Emeléus has said that chlorine trifluoride is absorbed by | 
potassium fluoride but without the formation of stable compounds.* Some — 
mention should be made of the reported preparation of a fluorochloride derived | 
from a hypothetical chlorine pentafluoride. The salt was made by reaction of 
strong aqueous hydrofluoric acid with potassium chlorate, and was assigned the 
formula KCIF,,KF.* Emeléus and Sharpe suggest that it is most unlikely that 
any halogen fluoride derivative would exist in the presence of water or of 40% 
hydrofluoric acid, and that the product must have been a mixture of potassium — 
chlorate and potassium acid fluoride.*° Chlorine trifluoride has not yet found © 
any regular uses, and the teasons for which the German 1000-ton plant was 
erected are obscure. Obviously a chlorine trifluoride~hydrogen flame will 
reach very high temperatures, and its use for cutting and welding copper has | 
been described.** Owing to the ease of handling and its high fluorine content, 
chlorine trifluoride niay readily offer a source of high energy yields on reaction 
with hydrocarbons, and it has been mentioned as a possible constituent of 
rocket fuel.** An interesting and practical use in the laboratory has been 
described.** The oxygen from samples of silicate rocks was liberated by 
_ heating with chlorine trifluoride and anhydrous hydrofluoric acid for 20 hours 
at 430°C. and the oxygen was then analysed for its isotopic constitution. 
Ruff and Krug’? described an analytical method for chlorine trifluoride. The 
liquid was filled into a silica bulb with a long capillary outlet. This was 
weighed, and immersed .in 10% caustic soda, and then by gentle shaking the 
capillary was broken and absorption proceeded steadily, though if the bulb 
itself was broken there was a violent explosion. The solution was then 
analysed in a standard manner. It is said that if the bulbs were of glass, 
they were destroyed in a few minutes, but in the light of later results this can : 


only indicate the presence of impurities, probably a good deal of hydrofluoric | 
acid. 


BROMINE MONOFLUORIDE 


Ruff and Menzel suspected the formation of a lower fluoride than bromine — 
trifluoride from the low density (mol.wt. = 108-5) of the first fractions evolved 
from a crude pentafluoride preparation.5* The definitive paper by Ruff and 
Braida®* is, however, unsatisfactory. Thus in a review of the halogen fluorides 
it has been said:' ‘Based on analysis, density, and vapour pressure data, the 
conclusion was reached by Ruff and Braida that the mixture condensed in one 
of the -120°C. traps contained almost 50% of bromine monofluoride. The 
present reviewers do not find the evidence altogether convincing’. This crit- 
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icism seems well justified, The compound was not obtained in a pure state, 
as it decomposes into the higher fluorides and bromine. No analyses could 
therefore be given, and the formula BrF was proposed for this suspected lower 
fluoride by analogy with chlorine monofluoride and the odd number of fluorine 
atoms in all the known halogen fluorides. Bromine and fluorine combine 
rapidly at room temperature, with much evolution of heat, when brought together 
in a copper T-piece. If the reaction product is condensed in a silica vessel, 
cooled at the bottom to -150°C., there condenses in the lowest, coldest, part 
the most volatile bromine monofluoride, in the form of shiny orange-red plates, 
with a colour reminiscent of bichromates. Above this condensate are compact, 
dark red crystals of bromine, and higher again the pale greenish needles of 
bromine trifluoride, with in between some finely distributed pentafluoride and 
also, finally, some silicon tetrafluoride. This is really the most positive 
observation recorded. For the production from bromine and fluorine, an all 
silica apparatus is described. The bromine, carried as vapour in a stream of 
nitrogen, mixes with fluorine in a T-piece immersed in water and held at 10°C. 
‘The reaction of bromine and fluorine is very temperature-sensitive; the 
velocity is very small at 0°, whilst at 50—60°there is no monofluoride in the 
bromine tri- and pentafluoride. It is essential that in the reaction-T, the walls 
should be smooth, or the yield of monofluoride is bad. Copper may be used, 
but with platinum practically no monofluoride is obtained. Below the reaction- 
T is a trap kept at +10°, and then a series of traps at -20°, ~50° and -120°, and 
finally one in liquid air. The analyses of the contents of the traps give ratios 
F:Br of 2-75, 3+3, 2+70, 3°62, 2-48: molecular weights from vapour densities 
are 129-3, 145.4, 134.9, 55-7. (Brk=99 3 Brrr = 137; Bre, = 175)... Some.cal= 
culations trade Bion contents of from 18-5 to 49. 3% of Beanine monofluoride, 
with bromine and the tri- and pentafluorides, and in some cases silicon tetra- 
fluoride and oxygen. It is suggested that bromine also reacts with the tri- and 
pentafluorides to give the monofluoride, but that as the reactions are reversible 
the pure monofluoride cannot be isolated. Some evidence is offered for a 
melting point about -33°C., and for a vapour pressure equation 


giving a boiling point of +23°C. This evidence, however, is slight, confused, 
and dubious. If Ruff and Braida had a lower fluoride, the evidence provided 
gives little definite information regarding its composition and properties. 

In a study of the absorption spectrum of bromine trifluoride by other workers 
about the same time,**® it was said ‘In one experiment in which bromine was 
present as well as bromine trifluoride, it was found on heating the tube to 
about 70°C. that the absorption due to bromine trifluoride diminished and a new 
band appeared. The original spectrum reappeared on cooling. Bromine mono- 
fluoride is known to be formed under these conditions, and it would appear to be 
likely that the new band is due to this compound’. This, however, is contrary 
to Ruff and Krug’s observation that low temperatures favoured foonation of the 
monofluoride. The band spectrum of bromine monofluoride has been studied, 
and it was found necessary to study the conditions of existence of the different 
bromine fluorides. As bromine interferes even in small quantities, owing to 
its intense absorption in the visible pesiats it is desirable to work with bromine 
absent. Owing to the equilibrium 3BrF = BrF, + Br,, a considerable excess 
of fluorine must be used. In these eonditions: a mixture of gases containing 
‘considerable quantities of bromine mono- and trifluorides is obtained, with 
Tittle pentafluoride and practically no bromine or fluorine.** No further ‘infor- 
Mation or experimental details are given, but the authors state that whilst the 
tri- and pentafluorides are colourless, the monofluoride has a pale yellow 
colour. In another contribution by the same authors it is said that, in suitable 


Refs. p. 179 


160 FLUORINE s 


circumstances, the reaction Br, + F, —> 2BrF gives tise to a flame and strong 
heat evolution, so that it must be strongly exothermic. From the spectrum, 
the heat of dissociation of BrF to atoms must be of the order of 50 kg.-cal. and 
the heat of formation from the elements must be exothermic to the extent of 
approximately 20 kg.-cal.°’ It has also been suggested that six lines observed 
in the absorption spectrum of bromine tri- and pentafluoride are to be attributed 
to the monofluoride, and these lines become more intense when bromine vapour 
and fluorine are admitted at about equal pressures into the absorption cell 254 


BROMINE TRIFLUORIDE 


After the simultaneous characterization of this compound by Lebeau and by 
Prideaux in 1905, it was not further studied until Ruff reinvestigated it about 
1930. There has been an increasing interest in bromine trifluoride since that 
time, and it has now become an article of commerce, workers referring to its 
being available in steel cylinders.® In the preparation, in some cases Lebeau’s 
method has been used, viz. bubbling gaseous fluorine into liquid bromine, 
although as an aid to purity the fluorine was liquefied and fractionally dis- 
tilled before the reaction,®® and the bromine trifluoride produced was fraction- 
ally distilled in a stream of fluorine in a Pyrex apparatus. This method was 
also used in the most recent description.®’® In his classical work on fluorine, 
however, Ruff described a modified method which has been preferred by most. 
wotkers.2 Bromine vapour, carried in a stream of nitrogen, is mixed with the 
fluorine in a small T-piece of platinum, the nitrogen flow bubbling through 
liquid bromine and being so adjusted in relation to the fluorine that the gas_ 
leaving the platinumtube has a minimum of colour; the gases are then cooled to 
condense the bromine trifluoride. This method, which is further described in a 
later paper, has been used by a number of workers. In the later paper of Ruff 
and Braida a copper T-piece replaced that of platinum, the product was con- 
densed out in a silica trap, and excess fluorine was used, which was conden-_ 
sed out in a trap cooled in liquid air.°° The method has been used by Emeléus 
and his school, but a water-cooled copper trap follows the copper T® and in- 
addition to the Ruff and Braida method, the method of Kwasnik (see below) 
is also referred to.°* In Kwasnik’s method reaction is carried out in an iron 
apparatus, at 80—100°C., without any diluent: 10% excess fluorine is used, 
and there is.a 90% yield of bromine trifluoride, of 98% purity.7* In another 
method, liquid bromine is fed into the upper end of a slightly inclined water-_ 
cooled copper tube, which is supplied with fluorine at the lower end. The 
cooling. is adjusted to keep the temperature between 15° and 50°C., and liquid 
bromine trifluoride is withdrawn at the lowerend of the reactor.* It has already 
been seen above that Ruff and Krug described the reaction of bromine and 
chlorine trifluoride, and this also may be regarded as a method of preparing 
bromine trifluoride. : 

It has been usual to subject the crude bromine trifluoride to distillation, — 
but information on the content of impurities before and after this treatment is 
noticeably lacking. In one case only was it found, by a cryoscopic method, 
that the content of impurities was 0-09 mole per cent.5® It is obvious that 
hydrogen fluoride present in the fluorine will appe&r in the bromine trifluoride, 
and moisture from the bromine, or from other sources, will also produce hydro- 
gen fluoride. The bromine may also introduce chlorine. Any exposure to 
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unknown, distillation is not a completely satisfactory guide to purity. Ruff 
and Braida, who handled their product in silica, said that attack on silica was 
noticeable at 30°, so that they purified it by distillation in silica in vacuo at 
20°C.°° But to what extent the attack on the silica may have been due to 
traces of hydrogen fluoride or to other contamination is not known. White and 
Goodeve, as noted above, used purified fluorine and dry bromine, and were able 
to distil the product in Pyrex glass,*® although Ruff always said that glass 
could not be used owing to the rapidity of attack. But in carrying out this 
distillation, as they did, in an atmosphere of fluorine, it might be expected 
that bromine pentafluoride would be formed. Sharpe and Emeléus distilled 
the trifluoride from a steel retort, collecting the fraction of b.p. 126° ~ 128° in 
steel bottles with screw-on steel caps.“ As a small amount of ferric fluoride 
was formed in these storage containers, the material was redistilled immedia- 
_tely before use in silica apparatus, at room temperature and reduced pressure. 
It is said that all the possible impurities — bromine, hydrogen fluoride, bromine 
_monofluoride and the pentafluoride — were more volatile than the trifluoride, 
_and that the change in colour of the liquid from orange to light yellow, owing 
to the removal of the least volatile impurity, bromine, affords a convenient 
Visual indication of when to begin collecting the pure trifluoride.*® In another 
case the pure bromine trifluoride was distilled from a copper vessel.®* Oliver 
and Grisard, who introduced the cryoscopic method as a guide to purity, dis- 
tilled under 27 in. vacuum through a nickel column.*? Rogers and Katz, using 
commercial material in steel cylinders, merely say that it was purified by 
distillation.* The variety of materials available for handling bromine trifluo- 
Tide is seen from the above account. Silica is very generally preferred, 
although Pyrex glass has been used. Of the metals, iron is generally used as 
the container for commercial handling; there is a suggestion that small quan- 
tities of ferric fluoride are formed, but it seems likely that this may arise 
from scale and rust present on the surface. Copper is used, but the warning 
about corrosion at high temperatures should be noted here, as with chlorine 
trifluoride, and in one case nickel was used in preference to copper, because 
the latter is more readily attacked by free bromine.*? Nickel is here, as 


BROMINE TRIFLUORIDE: PHYSICAL PROPERTIES 


__~ Liquid bromine trifluoride in its purest form has a pale straw colour. By 
‘slight access of moisture or attack on glass, it deepens in colour, and may 
become quite red. This is presumably due to hydrolysis, the instability of 
the bromine oxides leading to the liberation of free bromine, but there is no 
experimental information. Ruff and Braida report that crystallization from 
the liquid produces shiny needles up to 20 mm. long and 1 mm. thick whilst 
‘condensation from the vapour occasionally gives also prisms 2—3 mm. diameter, 
and they suggest that there may be two different forms of the solid.°* The 
‘purest liquid gives white crystals. Their value for the m.p., 8-8°, was ap- 
preciably higher than had previously been given,®° and a more recent determin- 
ation gives the true m.p. of pure bromine trifluoride as 8+77°. 

The vapour pressure was measured by Ruff and Braida.®* For values up 
to 20°C., a silica apparatus with a quartz spiral manometer was used; the 
tesults may have been affected by a gradual attack on the silica and formation 
of volatile products, or of substances soluble in the liquid and lowering its 
Vapour pressure. From 20° to the b.p., the Smith-Menzies method was used 
in a platinum vessel with sulphuric acid as the sealing liquid. Though this 
underwent reaction with formation of volatile products, it was the best of all 
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the liquids available. The vapour pressure curve obtained was 


ieee 41554 ae “hpi tt 


latent heat of evaporation, 10 kg.-cal./mol.; Trouton’s constant, 25-3; critical - 
temperature (estimated), 327°C. The vapour pressure was also determined by 
Oliver and Grisard between 17 and 1808 mm. (39~— 155°C.) in a nickel apparatus 
connected to a mercury manometer by helium-filled lines, on a sample contain- 
ing 0-09 mole per cent of impurity.*? The results were expressed in the equat- 


ion:- 1685-8 
t + 220-57 


log se Prim = ie oe 


to within less than 1 mm., up to 155°C. (1808 mm.). Some decomposition oc- 
curred in the apparatus,. and ‘after an unsuccessful attempt to measure the 
pressure at 165°C., it was discovered that most of the 60 g. sample had decom- 
posed and diffused into an adjacent liquid nitrogen cold trap.’ This equation 
gives a normal b.p. of 125°76°C., appreciably lower than the value of Ruff and 
Braida, and actually outside the range of distillation over which pure material 
has been collected by some workers.® The equation 


AT S77 ieee ee 
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is given for the latent heat of fusion in g.-cal./mole, from which at the normal 
b.p. AHy = 10-244 kg.-cal./mole, based on the vapour pressure equation given — 
above and the Clapeyron=Clausius equation.*” These workers also determined 
the latent heat of fusion, 2874-6 + 3:0 g.-cal./mole, and the specific heat 
between 14°K, and 320°K. Some of the results are given in Table VI. 


TABLE VI.- MOLAL HEAT CAPACITIES, BROMINE TRIFLUORIDE™® 
Solid | Liquid 


14 | 30 |50 |70 90 110 [150 [200 200 |281-93}) 281-93) 320 | 
1-03) 4°28] 7-54) 10-00} 12-08] 13-76) 16-69 |19-42] 21-72] 23-32 || 29-59 | 30-04 


The entropy values derived from these determinations are given in Table VII. 


TABLE VII.- ENTROPY OF BROMINE TRIFLUORIDE IN g.-cal./deg./mole® 


S 40x Debye, 3° freedom, (6 = 115°58) 0-357 
S14 28109 o Solid, graphical 30-359 
Ser 28 4+7/ 281-93 10-197 
28 1:93-298-16° Liquid, graphical 1-660 
Entropy of liquid at 298-16°K. 42-57+ 0-10 
vaporization’ s)"s 208-16) 38-14 
compression (R In 765/760) aostae 


Entropy of ideal gas at 298-16°k. and 1 atm. 11657 


The density of the solid was given, very approximately, by Ruff and Braida as 
3-23 g./CC., that of the liquid by the equation d = 3-623 ~ 0.00277 T (°K.): the 
density of the liquid at the m.p. was 2-843 g./cc. The electrical conductivity 
of the liquid was measured between platinum electrodes in a silica apparatus.°*> 


On two samples, A and B, described merely as carefully purified, the results 
of Table VIII were obtained. 
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TABLE VIII. - ELECTRICAL CONDUCTIVITY OF 
LIQUID BROMINE TRIFLUORIDE”® 


Temperature, °C ° ° , 45-0 155-0 
cond. F x 10°, ohm™cm.7 (A) : . . : 7-48 | 7-08 


Temperature, °C. 9-0 | 10-0 | 20-0 | 30-6 | 40-0 |50-0 
cond. F x 10°, ohm™cm. (B)| 813] 814] 809] 787] 758] 7-19 a 


After the determination at 60° on sample B, a redetermination of the value at 
20°C. reproduced the original value. The value also changed little with time, 
but addition of free bromine caused a decrease in conductivity. The conduc- 
tivity of the solid was much less than that of the liquid, and showed a poSitive 
temperature effect, increasing from 2-36 x 1075 at 4° to 17-35 x 10° at 8% On 
applying a direct current, there was no observable decomposition voltage; the 
liquid followed Ohm’s low from quite low voltages (<1-0 volt). No gas evolu- 
tion occurred, but in the neighbourhood of the cathode a brown colour developed 
while around the anode the light yellow colour of the liquid disappeared, and 
there was a sharp demarcation between the brown and the yellow liquid. It 
has been suggested that these colour changes are associated with the forma- 
tion of bromine monofluoride and pentafluoride from the ions discharged at the 
cathode and anode, BrF, and BrF, respectively: 


pce errr.) 2 bth > Sobre st Brrr .. 


The conductivity of liquid bromine trifluoride is much higher than that of 


chlorine trifluoride (<107° ohm™*cm."*) or iodine pentafluoride (1-6 x 1075 ohm”? 


cm.~* at 10°C.) and this difference is further considered below. 


Bromine trifluoride is miscible in all proportions with anhydrous hydro- 
fluoric acid** but is only partially miscible with bromine.** From the value of 
Trouton’s constant for bromine trifluoride, 25-3 compared with 23-2 for bromine 
and 23-7 for the pentafluoride, Ruff and Braida considered there was possibly 
some association in the ligquid.®* Radioactive tracer studies with **F show 
that rapid exchange occurs between the fluorine of hydrogen fluoride and 
bromine trifluoride in the liquid phase, and it is considered that this indicates 
the formation of intermediate complexes. °* 


BROMINE TRIFLUORIDE: CHEMICAL PROPERTIES 


Ruff made a considerable number of qualitative observations on the re- 
actions of those halogen fluorides which he had discovered, but bromine tri- 
fluoride was not one of these. The reactions of bromine trifluoride will be 

very similar, in many respects, to those given by Ruff and Krug above for 
chlorine trifluoride, but a Cautionary note was given there with regard to the 
reliability of the information, and we cannot do better than quote here the 
words of Booth and Pinkston.” ‘To some extent, the halogen fluorides appear 
to react with all metals. In some cases, at low or intermediate temperatures, 
a protective fluoride film is formed on the metal surface which halts further 


action. This fact permits chlorine trifluoride, bromine trifluoride, bromine 


pentafluoride and probably the other four members of the group to be handled 
in mild steel up to about 250°C. in copper up to about 400°C.* and in nickel 
up to about 750°C 
Where no protective film is formed, the reaction is vigorous. This is es- 
pecially true where volatile metal Huorides. such as molybdenum hexafluoride 
and tungsten hexafluoride, can be formed. Unfortunately, almost no satisfying 
*It has been remarked under chlorine trifluoride (see page 158) 
that this limit for copper is open to doubt; it should probably be 
much lower, perhaps 300°C. 


Refs. p. 179 


164 FLUORINE 5 


information on the behaviour of metals falling between those extremes is 
available. Statements have been made that certain of the metals ignited 
at room temperature whereas others required warming; but the surface clean- 
liness, in some cases the degree of sub-division, and often the effective 
tenperature at which reaction started were not clearly defined. Almost no 
information on the reaction products has been reported.’ 

There was little interest in bromine trifluoride prior to 1940 apart from the 
determinations of physical properties by Ruff and Braida and a solitary patent 
describing the reaction with carbon tetrachloride (see page 167). Thereafter, 
however, McBee et al. took an interest in bromine trifluoride as an organic 
fluorinating agent in a particular field which will be reviewed below, and there 
was a particularly interesting development of the field of bromine trifluoride 
reactions by Emeléus and his school. Analogously with chlorine trifluoride, 
but with the qualifications indicated by Booth and Pinkston, bromine trifluoride 
will react with many substances, forming fluorides and liberating bromine. 
But another factor also enters in — the solubility of fluorides in bromine tri- 
‘fluoride ~— and this leads to a very interesting field of chemistry. Reaction 
will occur not only with elements, but also with halides, oxides, and oxysalts, 
and as bromine trifluoride is an ionizing solvent the fluorides immediately 
formed may behave as acids or bases in this solvent. When appropriate oxy- 
salts, or mixtures of materials, react, neutralization reactions may occur with 
the formation of complex fluorides and this has led to useful preparative 
methods for many new complex fluorides. } 

No studies of the reaction with water have been published; it is said that 
hydrofluoric, bromic and hypobromous acids are formed? and that the complex 
which bromine trifluoride forms with potassium fluoride yields with water 
bromine, bromic acid, hydrofluoric acid and oxygen.® The reactions studied 
by Emeléus and his school, which will now be considered in detail, were car- 
ried out in silica vessels, the bromine trifluoride, as noted above, having 
been finally distilled in silica under reduced pressure. There is, however, 
some slight reaction with silica, which may be enhanced in certain circum- 
stances (see below). The reaction of a number of metals has been described. 
Platinum does not react at temperatures up to the boiling point, but is attacked 
by the potassium fluoride=bromine trifluoride complex at 280° giving the tetra- 
fluoride.®* Auric fluoride is soluble in bromine trifluoride, and hence this 
solvent dissolves the metal.©° Silver is attacked alse, because of the form- 
ation of a soluble salt, and in several cases the reaction of bromine trifluoride 
with mixtures containing metallic silver has been used to prepare complex 
fluorides of silver.°™°’ Niobium and tantalum react with incandescence, and — 
a technique to control the reaction was described.°* The powdered metals — 
were suspended in liquid bromine, the mixture cooled in liquid air, and bromine 
trifluoride slowly dripped on the cold mass. Titanium®’ and molybdenum and — 
vanadium®’as powders also react with incandescence, and tin”° reacts violently, 

Halides other than fluorides are generally attacked by bromine trifluoride, 
giving rise to fluorides, usually in the highest valency state. The fluorides — 
may be soluble, as exemplified by the fluorides of sodium, potassium, rubi- 
dium and caesium and of silver (AgF) and barium; and by auric fluoride, 
stannic fluoride, platinic fluoride, rhodium tetrafluoride, and the pentafluorides 
of arsenic, antimony and bismuth (slight), niobium and tantalum, Other fluor- 
ides show no appreciable solubility. Lower fluorides are usually fluorinated 
to the higher state, e.g., antimony trifluoride reacts gently with evolution of 
bromine,’° but argentous fluoride is an exception, dissolving without reaction. 
The rate of attack of bromine trifluoride on chlorides, bromides and iodides 
vaties, possibly owing to variation in the solubility of the fluoride produced. 
Thus potassium and sodium chloride, bromide and iodide are rapidly attacked, 
and whilst chlorine and: bromine seem to be evolved in the elementary state, 
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the iodides seem to give iodine pentafluoride.** The chlorides of silver, 
lithium and cadmium are rapidly attacked, as also are those of barium, sodium, 
calcium, caesium and rubidium. With aluminium and ferric chlorides the con- 
version to fluorides is slow. Lower chlorides of elements of variable valency 
are converted, but not completely, to fluorides of higher valency: cuprous 
chloride gave a product analysing as 70% CuF,; thallous chloride a product 
analysing as 80-90% TIF,; plumbous fluoride, chlorine and bromide gave 
products containing 20% PbF,; cobaltous chloride gave almost solely cobaltic 
fluoride; uranium tetrafluoride was quantitatively converted to the volatile 
hexafluoride. Stannous chloride inflames with liquid bromine trifluoride, the 
product being stannic fluoride with varying quantities of retained bromine 
trifluoride.”° Platinum tetrachloride and tetrabromide are vigorously attacked, 
giving, with excess of bromine trifluoride, a red solution; rhodium tetrabromide 
behaves similarly; palladium bromide gives a brown product.” Auric chloride 
is attacked and the product is dissolved by excess of the reagent. Vanadium 
trichloride is converted to the pentafluoride, and molybdenum dibromide is 
converted to the volatile hexafluoride.°? The treatment of phosphorus penta- 
bromide to give the pentafluoride has been carried out in admixture with other 
materials to give hexafluorophosphate complex salts;® the pentachloride 
behaves similarly’ and an interesting case is the use of nitrosyl chloride in 
a similar manner to give complex salts. This method, the treatment of mix- 
tures with bromine trifluoride, has been used with many of the halides referred 
to above, and will be dealt with below when considering bromine trifluoride as 
a solvent. Finally, mention should be made of the reaction with nitrosyl 
tetrachlorobismuthate and nitrosyl hexachlorostannate to give complex fluor- 
ides.®’ It is not surprising that ammonium halides react explosively with 
bromine trifluoride. ™ | 

_ The reaction of bromine trifluoride with many oxides has also been de- 
scribed. Of particular interest is a report on the reaction with uranium oxides, 
the first of a valuable series from the Cambridge school. A rapid and quan- 
titative reaction occurs, below the boiling point, with UO,, U,0,, and UO,, and 
the uranium is completely volatilized as the hexafluoride.”* In a further paper, 
‘the behaviour of many oxides is reported.’* At the same time it is suggested 
that Ruff over-emphasized the activity of broniine trifluoride, as in many cases 
the oxygen evolution was not complete. The simple apparatus in which the 
reactions with oxides were carried out is described (Fig. 2; p.166). Freshly 
distilled bromine trifluoride in A was cooled in liquid air, a weighed amount of 
oxide was placed in C and the apparatus pumped out and filled with nitrogen; 
C and traps D and E were cooled in liquid air, then A was allowed to warm up 
and by rotating about joint B, bromine trifluoride slowly dripped into the oxide, 
which was initially cooled in liquid air. Finally C was warmed up to room tem- 
perature, and in some cases the bromine trifluoride was refluxed for two hours. 
After reaction, bromine trifluoride was evaporated off to trap D, and the weight 
of this, and the contents of C, determined, whilst the volume of oxygen was 
also measured. The whole of this work is notable for its precise quantitative 
character and for the quality of the supporting analytical data. The oxides of 
copper (CuO), bismuth (Bi,O,), thallium (T1,0,), silicon, germanium, titanium, 
selenium (all XO,), arsenic and antimony (X,O,), uranium (UO,), and iodine 
(I,0,) all gave quantitative evolution of oxygen, the product being the higher 
fluoride (except IF,) and, in the case of antimony, with one mol. of additional 
bromine trifluoride. The oxides of beryllium, magnesium, zinc, cadmium, 
mercury, calcium, aluminium, cerium (CeO,), tin (SnO,), lead (PbO and PbO,), 
zirconium, thorium, manganese (MnO,) and iron (Fe,O,) reacted incompletely, 
the product being a mixture of fluoride and oxide. Vanadium pentoxide gave 
VOF,, bismuth oxychloride gave BiF,;. It is again remarked that the removal 
of oxygen from vanadium pentoxide was slow.” Niobium and tantalum pent- 
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Manometer and Vacuum 
System 


Fig. 2, APPARATUS FOR THE REACTION OF BROMINE 
TRIFLUORIDE WITH OXIDES AND OXY¥-ACID SALTS 


oxides reacted vigorously to give a clear solution, from which a complex of 
the fluoride with bromine trifluoride was recovered on evaporation.°° Bismuth 
pentoxide also reacted vigorously, the initial products containing the oxy- 
fluoride, trifluoride, and trioxide, but giving finally a solution of a complex 
of the pentafluoride.“° The reaction of antimonious oxide with bromine tri- 
fluoride was violent and was moderated by using bromine as a diluent; the 
product, SbBrF,, was soluble in excess of the reagent. Antimony! chloride 
reacted even more violently than the oxide, to give the same product.”° The 
reaction of some oxides in presence of nitrosyl chloride to give complex 
fluorides of the nitrosyl ion has been described.*’ Thus boric oxide in these 
circumstances gave nitrosyl fluoborate, NO.BF,. 

The reactions of germanium dioxide, silica, arsenic and antimony have also 
been described. Sulphur trioxide dissolved in bromine trifluoride without any 
evolution of oxygen; on evaporation a sticky white solid was obtained, hardly 
fuming in moist air, and it appeared that complex formation occurred. Some 
reactions of dinitrogen tetroxide have been described, and are considered 
below.°® The reaction of cobalt oxides with bromine trifluoride and other 
halogen fluorides has been mentioned by other workers,” and the reaction of 
carbon monoxide has been referred to.7* When this gas was passed in a slow 
stream through bromine trifluoride in a cooled iron vessel between 8° and 30°, 
quantitative yields of carbonyl fluoride and carbonyl fluorobromide were obtain- 
ed. At rather high temperatures, explosions occurred. Thionyl chloride 
with bromine trifluoride gave thionyl chlorofluoride SOCIF; and when sulphur 
dioxide, bromine and bromine trifluoride were shaken together in an autoclave 
at room temperature for several days the product was sulphonyl bromofluoride 
SO,BrF.”° 

The reaction of oxy-salts with bromine trifluoride has been used to give 
complex fluorides; e.g., potassium metaphosphate gave the hexafluorophos- 
phate KPF,,°’? and these general reactions will be considered in a later 
paragraph in which the behaviour of nitrates, sulphur oxyacids, and other 
compounds is discussed. But in certain cases this may not, or cannot, occur. 
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Thus many iodates gave the metal fluoride (and, apparently, though this was 
hot specified, iodine pentafluoride) with evolution of all their oxygen.”? Potas- 
sium bromate gave a 100% yield of oxygen with the formation of the bromine 
trifluoride complex; potassium chlorate gave only one third of its oxygen, 
possibly because chlorine dioxide or the chlorine oxyfluoride C1O,F is formed.” 
Carbonates also were decomposed but only one third of the oxygen was re- 
covered as such; and if carbon dioxide was evolved this was-not reported. ”” 

Though chlorine trifluoride does not normallyreact with carbontetrachloride, 
bromine trifluoride reacts immediately with this compound, and this has been 
patented as a process for making fluorochloromethanes.’> Carbon tetrachloride 
dripped into cold bromine trifluoride reacted immediately, and difluorodichloro- 
methane, trifluoromonochloromethane and tetrafluoromethane were found in the 
gas evolved. The same result can be achieved by bubbling fluorine into a 
solution of bromine in carbon tetrachloride. The reaction has been studied by 
Emeléus et al.,°* who found that in carrying it out at atmospheric pressure the 
escape of the partially fluorinated materials limited the formation of the more 
highly fluorinated and more volatile products, so that trichlorofluoro- and 
dichlorodifluoromethane were the principal products. Reaction occurred im- 
mediately as bromine trifluoride dripped into the carbon tetrachloride. By 
Catrying out the reaction in an autoclave, the bromine trifluoride being introduced 
in a separate container, so that the reactants did not mix until the autoclave 
was sealed, there was a greater production of the trifluoro- derivative. Carbon 
tetrabromide, a solid, in solution in bromine, gave mainly monofluorotribromo- 
methane, but by dripping bromine trifluoride on to the solid a yield of 94% of 
trifluorobromomethane was obtained. Inflammation occurred when bromine 
trifluoride dripped on to cooled carbon tetraiodide; no formation of iodofluoro- 
methanes was observed, but difluorodibromomethane and carbon tetrafluoride 
were detected. The reaction of bromine trifluoride with hexachlorobenzene 
led to saturation of the double bonds and some substitution of the chlorine, a 
product with average composition corresponding to C,Br,Cl,F, being obtained.”® 
The reaction was carried out in a nickel pot with a stirrer, hexachlorobenzene 
~ being added in small portions to bromine trifluoride already in the pot, at 0°C. 
By treating this product with antimony pentafluoride the proportion of fluorine 
was increased, and by dehalogenation with zinc a series of fluorochloro-benzenes, 
-cyclohexenes and ~cyclohexadienes was obtained, including some hexa- 
fluorobenzene. A similar series of compounds was obtained from pentachloro- 
benzotrifluoride, including some octafluorotoluene.”*° These preparations, 
extensively studied by McBee, Lindgren and Ligett, have been the subject of 
a series of patents for the treatment with bromine trifluoride of the chlorocarbon 
derivatives of toluene, xylene, mesitylene, naphthalene and heptane’’ and of 
diphenyl,’* and for the compounds obtained by the procedure referred to above, 
which are derivatives of benzene and the other hydrocarbons named.7*** 


BROMINE TRIFLUORIDE AS A SOLVENT 


It has already been noted that in a number of cases the fluorides produced 
by the action of bromine trifluoride on other compounds are soluble in excess 
of the reagent. On evaporating the solution, complexes containing bromine 
trifluoride are obtained, and even when the fluoride is not noticeably soluble, 
it may still be obtained as a complex. Thus the fluorides of potassium, silver 
and barium are soluble, and from the solutions can be obtained KF,BrF,, 
AgF,BrF, and BaF,,(BrF,), respectively. Sodium fluoride is soluble and 
though the complex more readily loses bromine trifluoride in vacuo, NaF,BrF, 
has been prepared. The fluorides of rubidium, caesium, calcium and strontium 
retained some bromine trifluoride, but the products were of ill-defined com- 
position.“ Antimony pentafluoride, stannic fluoride,’° auric fluoride,** platinic 
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fluoride,” niobium, tantalum, and bismuth pentafluorides ,°° and arsenic dian 
fluoride,”2 were all soluble and gave products which analysed ee y 
as SbF,,BrF,, SnF,,2BrF,, AuF,,BrF,, PtF,,BrF,, NbF,,BrF,, TaF,,BrF,, 
BiF,,BrF,, AsF;,BrF,. From the solution of sulphur trioxide, SO;,BrF, was © 
obtained.®” It has been seen above that bromine trifluoride has a conductivity 
remarkably higher than that of chlorine trifluoride or iodine pentatluoride. The 
solutions containing the foregoing complexes have an enhanced conductivity 
and bromine trifluoride is found to be an tonizing solvent. ° The potassium 
fluoride complex is considered to ionize: KBrF, = K" + BrF,, and is there- 
fore described as potassium bromotetrafluoride, or _tetrafluorobromite; its 
behaviour in respect of solutions in bromine trifluoride is that of a base. The 
sodium, silver and barium complexes are equally regarded as bromotetrafluorides 
and-as bases. The other soluble fluorides ionize with the metal in a complex 
anion, and it is considered that the positive ion is ‘fluoro bromonium, * BrF,’. 
Thus, with the niobium complex, NbBrF,, BrF,-NbF, = Bree ed NbF,, aC 
this ‘acid’ is systematically designated fluorobromonium hexafluoroniobate. 
The evidence for this description is found in the ability to carry out electro- 
metric titrations and neutralization reactions. Thus, typical of any acid base 
neutralization, when a bromine trifluoride solution of fluorobromonium hexa- 
fluoroantimonate is added continuously to a solution of potassium tetrafluoro- 
bromide, the conductivity decreases to a minimum, which is the point of 
equivalence, KBrF, + BrF,-SbF, — KSbF, + 2BrF,, and then increases.” 
The solubility of auric fluoride has already been mentioned, and this solution 
contains the acid fluorobromonium tetrafluoroaurate which, when added to a 
solution of silver tetrafluorobromite, gives a precipitate of silver tetrafluoro- 
aurate: AgBrF, + BrF,AuF, -—> AgAuF,+ 2BrF,. Many complex fluorides 
have been made (see below) by the agency of bromine trifluoride, even from 
components having no great solubility in the solvent. The compounds obtained 
may not be always separable in a pure form as there is a tendency to retain the 
solvent which is attributed to solvolysis or to incomplete reaction. *° 

Potassium bromotetrafluoride is a white crystalline compound, obtained by 
evaporating off excess bromine trifluoride in vacuo at room temperature. Its 
stability is demonstrated by the fact that it only loses 0-5% in weight in these 
conditions over a period of six hours.“ The X-ray diffraction pattern is 
different from that of potassium fluoride: the structure has been likened to 
that of the iodotetrachloride, KICI,, but the order of stability in the bromo- 
tetrafluorides, K>Na>Rb>Cs, is the opposite of that in other known polyhalides, 
and this is attributed to the telatively small size of the BrF, 10on, which is 
equivalent to a cube of 4-84 A. side, compared with 6-66.A. for the IC) tions 
Potassium bromotetrafluoride loses bromine trifluoride rapidly above 2602 
whereas the sodium, rubidium and caesium compounds decompose appreciably 
as solvent is removed at ordinary temperatures. The compound can be kept in 
glass for some time, but there is a slow evolution of bromine, and it reacts with 
water rapidly, though not so violently as.bromine trifluoride. In the reaction 
with water, free bromine and oxygen are formed, but some bromic acid remains 
in the solution. On heating the salt in a platinum crucible, a brown product, 
platinic fluoride, is formed, although platinum is unattacked by boiling bromine 
trifluoride. The other bromotetrafluorides which have been prepared show 
similar reactions, ™ Conductivities of solutions of the potassium, silver and 
barium salts have been determined for various concentrations and temperatures.”° 
On. applying direct current in the conductivity cell, no decomposition voltage 
could be observed, but the current=voltage relation did not follow Ohm’s law: 
the same brown colouration at the cathode and the same sharp boundary between 
this and the yellow solution was observed, as with bromine trifluoride itself. 
Among the fluorobromonium acids, the gold compound, BrF,eAuF,, is formed 
in solution by the action of bromine trifluoride on gold or on auric chloride, 
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On evaporating excess solvent in vacuo at 50°C. the compound is obtained as 


a yellow solid, which loses bromine trifluoride slowly at 120°, rapidly and 
quantitatively at 180°C. This is recommended as a method for making auric 


fluoride. The bromine trifluoride complex reacts with water, with carbon 


tetrachloride, benzene, and ethyl alcohol. Difluorobromonium hexafluoro- 
platinate (BrF,),PtF, is obtained as a red solution by the reaction of bromine 
trifluoride with platinic chloride or bromide. The ‘acid’ decomposes rapidly 
at 180° to 200°, giving platinic fluoride. The corresponding rhodium compound 
decomposed too rapidly at ordinary temperatures to be isolated.”* The product 
obtained by the reaction of bromine trifluoride with tin compounds and evapora- 
tion of the solvent was unstable. On evacuating for a given time at 15°, 35°, 
100°, and 190° the ratio of bromine trifluoride to stannic fluoride was, respec- 
tively, 1-76, 0-75, 0-46 and nil; but the solution was presumed to contain 
difluorobromonium hexafluorostannate, (BrF,),SnF,, from the data on conduc- 


‘tivity, from the formation of hexafluorostannate, and from neutralization re- 


actions. It was not possible to carry out a titration, but mixtures of potassium 
and tin salts in varying proportions were allowed to react when dissolved in 
bromine trifluoride and the conductivity was minimal at the ratio corresponding 
to K,SnF,.”° Titanium tetrafluoride behaves similarly, being soluble in bromine 
trifluoride, but it was not possible to isolate the solute, (BrF,),TiF,. Potas- 
sium hexafluorotitanate was shown to dissolve readily in bromine trifluoride, 
and on evaporating the solvent the analysis of the product corresponded to 
K,TiF,,1-1 BrF,. The X-ray powder-photograph showed this product to contain 
potassium bromotetrafluoride, so that this is an example of solvolysis.** By 
the action of bromine trifluoride on arsenious oxide, a solution was obtained 
from which only arsenic pentafluoride (volatile) could be recovered. But, for 
example, treatment of silver arsenate with bromine trifluoride gave a clear 
solution containing, presumably, silver hexafluoroarsenate and excess silver 
bromotetrafluoride.”*? From antimony compounds, on the other hand, it was 
possible to isolate fluorabromonium hexafluoroantimonate, BrF,SbF,, which 
on heating in vacuo for 2 hours at 40°C. lost only 0-1% in weight. It can be 
stored in dry Pyrex glass for several months without appreciable attack, but 
it fumes in moist air and reacts with water. A conductimetric titration was 
carried out with silver fluoride in a similar manner to that described above for 
potassium and tin, and the minimum corresponded with AgSbF,. Onelectrolysis 


of the bromine trifluoride solution of fluorobromonium hexafluoroantimonate, 


the behaviour was the same as with potassium bromotetrafluoride.’° Bismuth 
pentafluoride is sparingly soluble in bromine trifluoride, and on removing excess 
solvent a white hygroscopic solid was obtained; after five hours at 25°C. in 
vacuo the product lost 16% in weight, and after one hour in vacuo at 50°, 70°, 
100° and 120° lost, respectively, 23-9%, 51-1%, 83+2% and 100% in weight. 
Hexafluorobismuthates prepared in this solvent showed solvolysis.°* From 
the clear solutions obtained by the action of bromine trifluoride on niobium and 
tantalum or their pentoxides products were obtained analysingas fluorobrom- 


onium hexafluoroniobate and hexafluorotantalate, and these compounds showed 


considerable stability. Thus the niobium compound lost nothing in weight 


after 6 hours in vacuo at 30°C., 72% at 50°, and after one hour at 100° and 


120°, and 1-5 hours at 150°C., lost, respectively, 14:5, 47*7 and 91-6%. The 
tantalum compound after 1 hour at 100°, 1203 150°, 175° and 200° lost,respect- 
tively, 5-4, 8-1, 19-3, 43-7 and 71-7% by weight, being thus the more stable. 

It has been seen how complex fluorides are prepared by the neutralization 


reactions described above. Some of these show solubility in bromine tri- 


fluoride, though on evaporation they undergo solvolysis. But even when the 
acid, or the base, or the complex derivative, is insoluble, treatment of a mixture 
of materials, suitably chosen, with bromine trifluoride is a valuable means of 


preparing complex fluorides, some of which may not have been previously 
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prepared. The following preparations from bromine trifluoride in this way may 
be mentioned: lithium hexafluoroniobate from lithium carbonate and niobium, 
with lithium chloride the reaction was incomplete; sodium hexafluoroniobate 
from sodium carbonate or fluoride, and the potassium salt from the carbonate, 
chloride or fluoride, and niobium; the rubidium and caesium salts from their 
bromides, and the silver salt trom silver metal or silver chloride and niobium; 
calcium hexafluoroniobate from calcium fluoride and niobium, but barium chloride 
and niobium gave a partly solvolyzed product. Tantalum derivatives were 
prepared very similarly; with calcium fluoride the reaction was incomplete and 
the barium product was solvolyzed. Silver hexafluorobismuthate was obtained 
from silver and fluorobromonium hexafluorobismuthate; alkali metal products 
were solvolyzed, though the potassium hexafluorobismuthate less so than the 
sodium compound.®® From sodium and potassium metaphosphate, the hexa- 
fluorophosphates were obtained; sodium orthophosphate gave sodium hexa- 
fluorophosphate and an excess of ill defined sodium bromotetrafluoride. The — 
action of silver orthoarsenate has been mentioned above. Metal halides and 

phosphorus pentachloride gave mixtures of hexafluorophosphates and bromo- 
tetrafluorides, but phosphorus pentabromide gave quantitative yields of hexa- 
fluorophosphates.”*. This method of preparation has been the subject of a 
separate paper.™ It is thereshown that complex fluorides of boron, phosphorus, 
arsenic, and antimony can be prepared by mixing equivalent amounts of suitable 
substances, which will give the corresponding bromine trifluoride acid and base, 
and treating them with this reagent: the free elements, the oxides, carbonates 
and halides may be used, or, less generally, an oxyacid salt in which the 
elements occur in the desired proportions. It was not possible, however, to 
prepare complex fluoro-salts of aluminium, indium, thallium, zirconium, hafnium, 
thorium, lead, bismuth, selenium, tellurium, molybdenum, tungsten, uranium, 
iodine or manganese, owing to insolubility in bromine trifluoride or because of 
solvolysis.°* Borax gave sodium fluoborate, the excess boron escaping as the 
trifluoride. Potassium persulphate and pyrosulphate gave the fluorosulphonate, 
KSO,F (see below). Nitrates alone gave fluorides or bromotetrafluorides, and 
nitric oxides, but when they were mixed with an ‘acia’=forming constituent 
nitronium salts were obtained; e.g., potassium nitrate and boric oxide gave a 
mixture of potassium and nitronium bromotetrafluorides, KBrF, and NO, BrF,. 
It was shown also that by mixing dinitrogen tetroxide and an ‘acid’ forming 
substance and treating the mixture with bromine trifluoride, nitronium complex 
fluorides in general could be obtained. Bromine trifluoride reacts with potas- 
sium chloride and silica to give a mixture of potassium fluosilicate and bromo- 
tetrafluoride, and this of course suggests that all the salts prepared in silica 
vessels may be contaminated to a greater or less extent. Usually the loss in 
weight of the silica flask in any one experiment was not great, only a few 
milligrams, but it increased to the order of 100 mg. in making nitronium com- 
pounds owing, it was said, to the corrosive action of nitronium fluoride, NO,F. 
The behaviour of the sulphur oxyacid salts, M,S,Ox, is related to their struc- 
ture.” Where the structure is such as to permit the formation of fluorosulphon- 
ates, these are formed, but otherwise the bromotetrafluorides are formed. Thus 
potassium persulphate and pyrosulphate give the fluorosulphonate. But potas- 
sium pyrosulphite K,S,0, and thiosulphate K,S,O, give one molecule of fluoro- 
sulphonate and one of bromotetrafluoride: potassium sulphate and silver 
sulphate give the same, whilst sodium dithionite, Na,S,O,, gave the bromo- 
tetrafluoride, as did sodium sulphite. In addition to the formation of nitronium 
salts referred to above which are derivatives of the nitronium ion,NO,*, there 


° ° e 2 , e 
have also been prepared nitrosyl complexes derived from the ion NOt, which 
the authors suggest should be renamed nitrosonium.® Whilst by analogy with 
the formation of nitronium salts from dinitrogen tetroxide the nitrosonium salts 


should be made from nitric oxide, they were actually made from nitrosyl chloride 
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as being more convenient to handle. Nitrosyl chloride and bromine trifluoride 
gave, with boric oxide, nitrosonium fluoborate NO-BF,; with phosphorus 
pentabromide, the hexafluorophosphate NO-PF,; with germanium dioxide, the 
hexafluorogermanate (NO),GeF,; with stannic fluoride, the hexafluorostannate 
(NO),SnF,; with silica, a mixture of indeterminate composition; with gold, 
the tetrafluoroaurate NO-AuF,; with titanium tetrafluoride, the hexafluoro- 
titanate (NO),TiF,. In addition, from the chloro=compound (NO),SnCl, the 
corresponding fluoro-compound was obtained, but NO-BiCl, gave bismuth 
trifluoride. Nitrosyl pyrosulphate (from dinitrogen tetroxide and sulphur dioxide 
in a sealed tube reaction), (NC),S,0,, was freely soluble in bromine trifluoride, 
and from the solution was obtained the fluorosulphonate, NO-SO,F, identical 
with the product from nitrosyl chloride and fluorosulphonic acid. A number of 
other reactions also are described in this paper. ®’ 

Finally, the action of bromine trifluoride on potassium dichromate, silver 
dichromate and potassium permanganate gave, respectively, the compounds 
KCrOF,, AgCrOF,, and KMnF,. It is noteworthy that whilst it has been im- 
possible to obtain manganese tetrafluoride alone, it is here stabilized in a 
complex. The removal of oxygen from vanadium pentoxide and vanadates by 
bromine trifluoride is usually slow, owing to the formation of undefined oxygen- 
containing complexes, and this is not a good route to hexafluorovanadates; but 
from nitrosyl chloride, vanadium pentoxide and bromine trifluoride, ‘nitrosonium’ 
hexafluorovanadate was prepared.” 


BROMINE PENTAFLUORIDE 


Bromine pentafluoride, although it is better characterized than the mono- 
fluoride, has perhaps received even less attention. There is only one paper 
dealing in detail with its properties, that of the discoverers, Ruff and Menzel,™ 
but there are some half dozen others where some mention of its properties is 
made. When Ruff had established that there was a chlorine trifluoride as well 
as a monofluoride, he looked tor higher fluorides of the other halogens and 
thus found first iodine heptafluoride and then bromine pentafluoride. Attempts 
to prepare the pentafluoride in platinum apparatus, by reaction of the trifluoride 
with fluorine, led to trouble with corrosion, even when pure platinum was used 
instead of platinum-iridium alloy. Gold also was unsatisfactory for the same 
reason. Copper, however, was found to be resistant, and the production. 
directly from bromine and fluorine was convenient. A vertical copper tube, 
with a thermocouple pocket entering from the lower end, was maintained at 
200°C.; fluorine was led into the upper end, and bromine carried in a stream 
of nitrogen was also led in at this end, the tube projecting into the reactor. 
The bromine feed rate was G6 cc. vapour per minute, the fluorine 35 cc. per 
minute. The gases leaving the apparatus were condensed in silica, and in 
7 hrs. about 12 cc. of crude product was obtained. Emeléus has mentioned 
using a temperature of 250°C. for the preparation.* Booth and Pinkston say 
that the method of Ruff and Menzel is essentially that used at present;? other 
workers have mentioned obtaining supplies of the compound in steel cylin- 
ders.*®°© Ruff and Menzel purified the crude product by fractional distillation 
at 150 mm. pressure in an all-silica apparatus without contact with tap grease 
or organic matter. The fractionating column was immersed in ice. The crude 
product gave a fore-runnings fraction of 19% consisting of silicon tetrafluoride, 
a red decomposition product of bromine trifluoride and water, and about 70% of 
_pentafluoride; there followed 72% of the main fraction of pure pentafluoride, 
leaving 9% of residue containing bromine trifluoride with 25% of pentafluoride. 
The crude product had thus contained 87+5% of pentafluoride. 


BROMINE PENTAFLUGRIDE: PHYSICAL PROPERTIES 


Bromine pentafluoride, when pure, is a colourless liquid, fuming strongly 
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in air; the effect of attack by moisture is to cause colouration increasing 
through yellow to deep red. The gas density at 29°C. and 330 mm. pressure 
was 174-7, compared with a calculated value of 174-92. The analysis, made 
by breaking a small silica bulb containing a small sample of the liquid in 20% 
caustic soda solution contained in a platinum flask closed with a rubber 
stopper and then determining fluorine and bromine, corresponded with the 
formula BrF,. The melting point was -61-3°C. The vapour pressure between 
—~88° and +24° was measured in silica apparatus with a silica spiral manometer. 
For the solid the vapour pressures were 0-1 mm. at ~88° and 1-7 mS zee : 
for the liquid the vapour pressure was given by logy, Pym = 8-0716 = Te and 


some typical values were:- 


t°C 59-3 -42-1 -30-5 -20-8 -—10-8 0 +9-1 17-3 21:8 24-0 
eee 3-0 10-6 22:8 41-7 73-0 130-3 203-1 293-2 356-5 390-3 
The b.p., by extrapolation, was 40-5 + 0-5°C.; the latent heat of evaporation, 
7,443 g.-cal./g.mol.; Trouton’s constant, 23-7; the critical temperature ap- 
proximately 197°C. The density of the liquid at the m.p. was 2-763 g./cc. 
and in general, d = 3-496 — 0-003467(°K.). The density of the solid at the 
m.p. was approximately 3-09. : 

A study of the nuclear magnetic shielding of bromine pentafluoride shows 
(see page 227) that the structure is a tetragonal pyramid, like that of iodine 
pentafluoride.** Experiments employing the radioactive isotope **F show that 
very rapid exchange of fluorine atoms occurs between bromine pentafluoride 
and hydrogen fluoride in the vapour phase at ordinary temperatures.* The 
electrical conductivity has recently been measured.*” The compound is com- 
pletely miscible with liquid hydrogen fluoride.** 


BROMINE PENTAFLUORIDE: CHEMICAL PROPERTIES 


Ruff and Menzel gave a long list of reactions of the pentafluoride with solid 
elements; the reactivity is very similar to that of the other halogen fluorides 
considered, and very violent reactions may occur in appropriate circumstances. 
As has been previously remarked, the precise character of the reaction must 
depend on the degree of fineness, the possibility of contamination, and 
other factors. It has been noted above that bromine trifluoride has been sup- 
plied in steel cylinders, so that massive iron is as resistant to this compound 
as it is to the other halogen fluorides, and in general the behaviour of metals, 
for handling purposes, will be the same as for other halogen fluorides. The 
behaviour of platinum, which Ruff found satisfactory for making bromine tri- 
fluoride at low temperatures but was corroded when making the pentafluoride 
at higher temperatures, corresponds with what has been reported under bromine 
trifluoride regarding platinum and also gold. Copper was more resistant under 
these conditions, but attention is again drawn to the risk of serious corrosion 
of this metal at temperatures above 300°C. 

Many oxides, halides, and other salts reacted violently as did strong 
sulphuric acid and strong nitric acid, and fire and explosion were likely to 
occur with hydrogen or compounds containing hydrogen such as hydrogen sul- 
phide, ammonia, methane, acetic acid, alcohol, benzene; and also cork, paper, 
Waxes, greases, etc. 

The reaction of bromine pentafluoride with water is very violent but can be 
carried out in a controlled manner, e.g., by carrying water vapour in a stream 
of nitrogen into the liquid, which then assumes a deep red colour. It was at 
first considered that an oxyfluoride was formed by partial hydrolysis, e.g., 
BrF, + H,O -+ BrOF, + 2HF, but it was shown subsequently that all the 
oxygen of the water introduced was liberated as free oxygen. When the red 


liquid was distilled at 0°C., under reduced pressure, a deep red distillate 
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came over just before bromine pentafluoride distilled; the remainder was pure 
pentafluoride which distilled completely as such. The deep red distillate 
separated into two layers, a lighter coloured upper layer which was penta- 
fluoride with a little bromine, and a deep red lower layer which was bromine 
containing 6-5% of fluorine and so, evidently, contaminated with a bromine 
fluoride. The incomplete miscibility of bromine and its fluorides was thus 
demonstrated, but the existence of a lower fluoride in the bromine layer was 
suspected. When the red liquid was distilled very slowly at —50°, the growth 
of red crystals in the distillate was observed, together with liquid pentafluoride. 
The crystals melted one degree below the m.p. of pure bromine and gave a 
pale brown gas which when analysed gave a fluorine : bromine atomic ratio of 
2. When a mixture of bromine and its pentafluoride was fractionally distilled, 
the bromine distilled over in the first fraction although its boiling point is 
19° higher than that of pentafluoride. This led Ruff and Menzel again to 
conclude that a lower fluoride was being formed, and in a later paper they 
suggested that bromine monofluoride was present in labile equilibrium. The 
evidence was unconvincing, and is really consistent with the view that free 
bromine is liberated when bromine trifluoride and water react: 2BrF, + 5H,O > 
Br, + 1OHF + 2740,; alternatively, if bromine monofluoride is formed, the 
reaction is presumably BrF, + 2H,O -—> BrF + 4HF + O,. ; 

Mixtures of bromine pentafluoride with chlorine explode on heating; the 
mixture with bromine, which may possibly form monofluoride at ordinary tem- 
peratures, yields the trifluoride when heated in a copper tube at 250°C. With 
iodine, immediate reaction occurs, with evolution of heat, giving iodine 
pentafluoride. The only other chemical reaction of bromine pentafluoride 
reported, apart from these results of Ruff and Menzel, is that it converts 
cobaltous chloride to a mixture of cobaltous and cobaltic fluoride in the ratio 
45:55, whereas bromine trifluoride gives the ratio 55:45; iodine pentafluoride 
gives 72% of the cobaltous salt and chlorine trifluoride gives wholly the 
cobaltic salt.’ 


IODINE PENTAFLUORIDE 


This is the halogen fluoride with the longest history. Mellor (II,114) said 
that it was first prepared by Gore in 1875, though the true date was 1871, and 
this is generally accepted as the original discovery. It has been suggested 
that the compound was first prepared by Kammerer in 1862,* but it will be seen 
below that this was actually the first preparation not of the pentafluoride but 

of the heptafluoride. Iodine pentafluoride is also remarkable in that it is 
formed by reactions other than the direct combination of the elements. Gore’s 
first preparation, from silver fluoride and iodine, was of this character, and 
other reactive or higher metal fluorides may be substituted for silver fluoride. 
Ruff suggested the use of cobalt trifluoride’? and the formation of iodine penta- 
fluoride by the action of iodine onruthenium pentafluoride has been described.** 
Ruff and Menzel described the vigorous action of iodine on bromine penta- 
fluoride,** and the formation of the pentafluoride from iodine oxy-compounds has 

_ been noted in several cases. The action of fluorine on iodine pentoxide gives 
the pentafluoride®® but the reaction is rapid only above 250°C.:°° iodine reacts 
more readily with bromine trifluoride, whilst iodates also react easily with 
this compound,” and in particular manganous iodate reacts vigorously with 
liquid bromine trifluoride.” 

Ruff suggested that iodine pentafluoride could be made and handled in 

_glass,° but a little later copper apparatus was described by Ruff and Keim; 
dry iodine was placed in a wide, watercooled copper tube and fluorine was 
passed over it.°* Immediate reaction occurred and the liquid product, contain- 
ing dissolved iodine, was collected in a narrower water-cooled copper tube, 
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the passage of fluorine being continued until the product was decolorized. 
Copper apparatus has been used also by other workers, and Ruff and Braida 
said that direct reaction gave such a rise in temperature that silica glass could 
not be used unless the fluorine were diluted with, say, three times its volume 
of nitrogen.°? When iodine reacted with fluorine thus diluted, in transparent — 
silica, the course of the.reaction could be watched and the brown solution 
observed. In decolorizing this, occasionally a sudden very temporary blue 
colour was observed, but no explanation of this could be offered. If the 
temperature was allowed to rise too high, or if there was much oxygen in the 
fluorine, iodine oxytrifluoride, IOF,, crystallised from the crude product on 
cooling. There was also likely to be some heptafluoride present, and this 
could be removed either by adding iodine until a slight colour appeared or by © 
distilling in silica at-10 mm. pressure when the fraction collecting about 10°C. 
was the desired product. The production in silica in a platinum boat has been 
mentioned, with redistillation in a stream of fluorine,°*® but this might be — 
expected to lead to contamination with heptafluoride. The preparation has 
also been described by Emeléus and co-workers. Quantities up to 30 g. were 
made by passing fluorine over iodine contained in a silica vessel partially 
immersed in water and continuously shaken to avoid formation of an inactive 
surface layer.5° The product is decolorized by passing excess of fluorine 
over the liquid, and is redistilled immediately before use.*® Production in a 
nickel vessel has been mentioned, with distillation at 20°C. and 5 mm. pres- 
sure,** conditions remarkably different from those used by Ruff. It has also 
been stated that iodine pentafluoride, handled in a fluorine-resistant glass 
(‘Fluorex’ = see page 137), when distilled sometimes had a pale yellow to 
pale blue colour, attributed to free iodine produced by reaction with the glass:”° 
this may, however, have referredto the use of ordinary glass before the ‘Fluorex’ 
vessel became available, and a water-white product was obtained by bubbling 
in todine heptafluoride. Mention has been made of the compound being sup- 
plied commercially, but no indication was given of the preparative method.*** © 
In a process recently described, fluorine was passed into iodine contained in 

a nickel vessel having a motor driven stirrer. °° 


IODINE PENTAFLUORIDE: PHYSICAL PROPERTIES 


It has been seen above that, although there is a tendency to develop colour, 
the pure liquid is water-white.** It freezes to white crystals.°? The melting 
point has been given (Mellor II,114) as ~8°, whereas the correct figure is +8°C. 
Moissan’s value. The value ~8°C. has also been reported recently, and it is” 
surmised that this was again a misprint, for otherwise the compound, apparently 
identified by its m.p., could not have been iodine pentafluoride.2° The melting 
point has been variously given as 8—9°,*! 10°,%? and, in a paper by Ruff and 
Braida on which we are dependent for most of the known physical properties, 
9.6°C.°* The vapour pressure of the solid between —5° and the m.p. is given — 


by log Pym = 11-764 — oe and of the liquid up to 70°C. by log p_,, = 8-83 — 


220 
— The same method was used as for bromine pentafluoride, viz., by 


means of a quartz spiral manometer in silica apparatus up to 20°C., keeping 
down the concentration of silicon tetrafluoride by frequent freezing and evac- 
uation, and by the Smith-Menzies method up to 70°C., using sulphuric acid as 
the containing liquid in spite of its slight reaction with iodine pentafluoride. 
The results cannot be completely reliable, but the boiling point, by extrapola- 
tion, is given as 98° + 1-5°C. The results are shown in Table IX. The liquid 


epee Bh eter 5 ae 
pare cases by D = 4.38 — 0-004T (°K.), individual values being as shown — 
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TABLE IX.- VAPOUR PRESSURE OF IODINE PENTAFLUORIDE 


He aS ea Liquid 


temperature, ° I LO 50 60 70 
pressure, mm. 28 ee a ‘ae 15-0 EG ais sal 99-2|159-4}] 253-1 


TABLE X.- DENSITY OF IODINE PENTAFLUORIDE 
ad Liquid 


temperature, ° 9-6 15 25 35 
density, ae 3 Be sit 36 oe 3 sas 3252] 3-231] 3-189] 3-140 


Some values given are for the supercooled liquid. The solid density at . 193°, 

determined by liquid oxygen displacement, was 4-07. The electrical conduc- 
tivity has been determined by Emeléus et al.** Using the same method as for 
bromine trifluoride, the results were less reproducible, those for two samples 
differing by about 10% and ranging from 1-61 and 1-78 x 107° ohm™ cm."* at 
10°C. to 2-30 and 2-55 x 107° at 25°C. With less rigorously purified material, 
results as high as 5—6 x 10°* were obtained. As distinct from bromine tri- 
fluoride, the liquid has a positive temperature coefficient of electrical conduc- 
tivity. When0O-lg.of iodine was introduced into 40 cc. of the pentafluoride it 
gave a dark brown solution, even though incompletely dissolved, and increased 
the electrical conductivity, the resistance of the cell falling from 2296 to 
2000 ohms. It was not possible, on applying direct current, to observe a de- 
composition voltage, although the conductivity did not follow Ohm’s law and 
at higher voltages free iodine was liberated at the cathode. Woolf obtained an 
appreciably lower conductivity, 11535107 ohmic. sdt-25-G,, presumably 
indicating better purification. °” As is indicated below, the conductivity is 
enhanced by certain solutes. 

The structure of iodine pentafluoride has been considered.* From electron 
diffraction studies it was found that all the I—F distances were equal and, 
assuming a trigonal bipyramid, the bond length was 2-56A.°* As the sum of 
the covalent radii of iodine and fluorine is 1-97 A.,this result seems open to 
question. From infra-red absorption and Raman spectra, evidence has been 
obtained for an arrangement as a tetragonal pyramid, with four fluorine atoms 
at the corners of a square base and the iodine atom and the odd fluorine atom 
on a fourfold axis normal to the base.** The electronic configuration in this 
structure has been considered®* and support for it has also been found from a 
study of the nuclear magnetic shielding.*® Radioactive tracer studies with 
*®F show that rapid exchange of fluorine atoms occurs in the liquid phase 
between iodine pentafluoride and hydrogen fluoride, and, as might be expected, 
these compounds are completely miscible.***” 


IODINE PENTAFLUORIDE: CHEMICAL PROPERTIES 


Iodine pentafluoride is the only halogen fluoride for which the reaction with 
water has been quantitatively studied: in this instance the heat of hydrolysis 
has been determined by breaking a Pyrex glass ampoule containing the penta- 
fluoride under a large excess of water in a calorimeter. Prideaux showed in 
1906 that iodic acid was formed quantitatively, and Woolf has now shown that 
the reaction IF, + 3H,O -—> HIO, + 5HF is exothermic to the extent of 22-05 
kg.-cal. at 18°C. From this the heat of formation of iodine pentafluoride 
was Calculated to be 205-3 kg.-cal. The heat of hydrolysis in 0-25 N-caustic 
potash was also determined; 118-9 kg.-cal. are evolved in this reaction, and 
this gives the heat of formation as 204-2 kg.-cal. 
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The general chemical properties were described by Ruff and Keim.” Like 
the other halogen fluorides, iodine pentafluoride reacts violently with water, 
water-containing materials and many organic materials, and with elements and 
metals in an appropriate condition for reaction, usually finely divided. Its 
fuming in moist air is due to hydrolysis. It attacks soft glass, slowly at 
ordinary temperatures, rapidly at the boiling point, silicon tetrafluoride and 
iodine pentoxide being formed. Dry silica glass is more resistant, but not 
completely so. No evidence could be found of an oxyfluoride being formed 
during hydrolysis. Later workers have referred to the rapidity of the reaction — 
with glass above 30°C.°° A slow reaction occurs between thionyl chloride 
and iodine pentafluoride, leading to the formation of a thionyl chlorofluoride, 
and with carbon monoxide at 120 atm. pressure the pentafluoride slowly forms 
carbonyl chlorofluoride.?* Iodine pentafluoride is partially soluble in 1:4- 
dioxan, and from the solution the compound IF,,C,H,O, has been isolated, 
melting with decomposition at, or above, 112°C.” The reactionwith iodoform, 
to yield fluoroform and iododifluoromethane, CHIF,, has been reported, and it 
was also said that with carbon tetraiodide hexafluoroethane was formed.” 
This last statement is probably a case of mistaken identity, as Emeléus et al. 
have shown that trifluoroiodomethane is obtained.© It was shown that carbon 
tetrabromide also reacted gradually with iodine pentafluoride on heating at 
90°C. for three hours, the products being largely tribromofluoro- and dibromodi- 
fluoromethane, with a little tetrafluoromethane. Ruff and Keim found that when 
iodine pentafluoride is formed in situ from iodine and fluorine in the presence 
of carbon tetrachloride, mixed fluorochloromethanes are formed.** In the 
reaction of iodine pentafluoride with tetraiodoethylene, too rapid admixture 
gave explosions but by adding the pentafluoride carefully pentafluoroiodoethane 
was obtained. The reaction was carried out in glass, and the reaction products 
included carbon dioxide, silicon tetrafluoride, and tetrafluoroethylene.©* The 
reaction of di-iodotetrafluoroethane with iodine pentafluoride to yield penta- 
‘fluoroiodoethane has also been described.*™ | 

As a solvent, iodine pentafluoride shows properties similar to those of 
bromine trifluoride, but in a limited range, and the solvolysis that occurs in 
formation of salts, even with bromine trifluoride, is more pronounced with 
iodine pentafluoride. The iodine pentafluoride system has not, however, 
been explored as fully as that of bromine trifluoride and any general conclus- 
ions must be guarded. Potassium fluoride dissolves in iodine pentafluoride; 
a 1% solution was obtained at the b.p., and on cooling, a white crystalline 
salt was deposited.*° On removing the excess solvent at 2—5 mm. and 15— 
20°C., the product analysed as KIF,, potassium iodohexafluoride: it melts at 
about 200°C., but is then rapidly losing iodine pentafluoride, and even at room 
temperature is decomposes at pressures below 1 mm. The compound reacts 
readily with water, less readily with dioxan: it also reacts with acetone, and 
with carbon tetrachloride on warming. Since IFj, like SeF, and TeF,, is 
presumably octahedral, and the expected electronic configuration of its iodine 
atom is 5s*5p°5d*6s", it is predicted that the interhalogen distance will be 
found to be abnormally large.*° Antimony pentafluoride was readily soluble 
in hot iodine pentafluoride and on removing excess solvent in the usual way a 
hygroscopic white solid, analysing as SbIF,., was obtained.*? This compound, 
m.P; 103° with slight decomposition to yield a blue liquid, is formulated as 
IF,".SbEe The compound obtained by interaction of solutions of potassium 
fluoride and antimony pentafluoride and subsequent careful evaporation still - 
retained some solvent, and analysed, e.g., as KSbF,,0-23IF,: this result was 
attributed to solvolysis. The electrical conductivity of iodine pentafluoride 
is much enhanced by these solutes. Thus with 0-045 g.-moles of antimony 
pentafluoride per 1000 g. solvent, the conductivity was 114 x 107° ohm.~? cm. 
at 25°C. and 93 x 107° at 12-5°C., compared with 1-53 x 107° for the pure 
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iodine pentafluoride has already been noted above. 
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solvent. Stannic fluoride was insoluble. Boron trifluoride was soluble, the 
saturated solution having a conductivity of 3-55 x 107° ohm.? cm. at 25°C., 
_and by passing the gas into a solution of potassium fluoride in iodine penta- 
fluoride potassium fluoborate was obtained. Sulphur trioxide was freely 
soluble and the solution showed enhanced conductivity: on distilling various 
mixtures the fraction of maximum boiling point (145 ~—7°C./759 mm.) was found 


to have the composition IF,,1-17SO,, and hence was a constant boiling mixture 
rather than a compound. It was not possible to obtain potassium fluoro- 
sulphonate by adding potassium fluoride to the sulphur trioxide solution. 
Potassium persulphate was insoluble, but retained some solvent (e.g., K,S,O,, 
1:02IF,). Potassium metaphosphate was partially soluble, but no fluoro- 
phosphates were obtained ~ one product analysed as KPO,,2-3IF,. Potassium 
iodate was readily soluble, but no oxygen was evolved and on evaporation the 
solvent was strongly retained, to the extent of half a mole or more per mole of 
potassium iodate. Data have been given for the variation of conductivity with 
concentration for potassium iodate solutions, which in this respect behave 
like a salt in aqueous solution.®” The solubility of iodine oxytrifluoride in 
° Iodine pentafluoride 
does not appear to form stable complexes with hydrogen fluoride, so that on 
evaporating excess hydrogen fluoride in a stream of nitrogen the residue from 


a solution is only the pentafluoride, and no potassium iodohexafluoride was 
obtained by the interaction of iodine pentafluoride and potassium hydrogen 
fluoride in hydrogen fluoride solution.?” 


IODINE HEPTAFLUORIDE 


In describing the formation of iodine pentafluoride by the action of fluorine 


on iodine, Moissan said that by varying the conditions and by using either an 
excess of fluorine or an excess of iodine he had never obtained a gaseous 


iodine fluoride. But thirty years later Ruff and Keim, in distilling iodine 
_ pentafluoride made from fluorine and iodine or its pentoxide, always found a 


more volatile fraction and were led to identify the heptafluoride, which is a 
gas at room temperature.*? Booth and Pinkston? have suggested that Kammerer, 


in studying the reaction of iodine and silver fluoride, was probably the first 


_ investigator to prepare iodine pentafluoride, 
_ dried material and equipment, warmed iodine with excess of argentous fluoride 


102 Kammerer, using very carefully 


in an evacuated sealed glass tube, at 70—80°C. The iodine colour disap- 


peared, the glass remained unetched and, on breaking the tube under mercury, 
a gas was collected which was completely absorbed by caustic potash. He 
could find no trace of silica or iodine in the potash solution, and concluded 


_ that he had prepared fluorine, which was thus shown not to attack glass. He 


had difficulty in explaining why no oxygen had been liberated — possibly, he 


thought, hydrogen peroxide or potassium hyperoxide had been formed, as he 
concluded that the formation of a fluoric acid was inconceivable. The des- 


cription is enough to show that he must have prepared iodine heptafluoride, 


and is as much a tribute to the excellence of his experimental technique as to 
the inadequacy of his conclusions. He would not, of course, find iodine by a 
simple test if it were present in solution as the periodate. This observation, 
however, was lost sight of for almost 90 years and Ruff and Keim were the 


_ first to separate and characterize the compound. Ruff also suggested that he 


had indications of the existence of an iodine fluoride lower than the penta- 
fluoride, but nothing more has been reported about this.*® 

There has been little work on the heptafluoride, apart from the original 
paper of Ruff and Keim, and a more recent paper on the preparation and some 
properties.°® The earlier paper stated that fluorine was passed over the penta- 
fluoride maintained at 90°C., and the mixture passed through a platinum tube 
at 270 — 300°C., the pentafluoride being condensed at ordinary temperatures 
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Fig. 3. APPARATUS FOR THE PREPARATION 
OF IODINE HEPTAFLUORIDE 


and the heptafluoride in refrigerated traps. In a later arrangement, using an 
all platinum apparatus, fluorine was passed over iodine in a water cooled 
reactor which was occasionally shaken: the reactor had a vertical platinum 
outlet tube which could be heated to 250 — 270°C., and a side tube from this 
was water cooled so that excess pentafluoride was refluxed and returned to the 
reactor.°? In the later paper, a similar apparatus of nickel was used.°* A 
nickel flask had a side inlet for fluorine, and a long vertical neck, electrically 
heated, closed with a removable soft copper gasket (Fig.3). Below, this a 
side arm connected to a water cooled nickel trap, from the base of which ran 
a return pipe to theflask, This apparatus could be used to make pentafluoride, 
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for which purpose a stirrer was inserted down the neck into the flask, which 


was ice-cooled. To make heptafluoride, pentafluoride was put in the flask, 
warmed to 70 — 80°C., the column was heated to 280 — 290°, and fluorine was 
supplied at the rate of 8 — 12 g. per hour. The heptafluoride was condensed 
out in Monel metal traps cooled with solid carbon dioxide, and, using an excess 
of fluorine, was obtained in almost 100% yield on iodine. The crude iodine 
heptafluoride was subjected to high vacuum at —90°C., and was then sublimed, 
in absence of air, to separate it from any pentafluoride.®® Schumb and Lynch 
also purified the heptafluoride by a similar trap-to-trap distillation, using 
Monel metal traps, distilling from one warmed to 0°C. into another cooled to 
-78°.°° The compound is a colourless solid, which sublimes, with a vapour 


pressure of 760 mm., at 4-5°C. The vapour pressure is given by the equation 


log.o Pmm.= 8:6604 — a the latent heat is estimated to be 7-33 kg. -cal./ 
g-mole and Trouton’s constant is 26-4; these rather high figures are taken to 
indicate some polymerization of the solid. Under slight pressure the solid 
melts at 5 — 6°C. to a colourless liquid the density of which is 2-8 g./cc. at 
6° and 2-7 g./cc. at 10°. The molecular weight corresponding to the vapour 
density was 266-2 (calculated for IF, = 260-3).°° From the infra-red and Raman 
spectra of the compound it has been concluded that the molecule has the form 
of a pentagonal bypyramid, a structure not met with in any other compound. 
The iodine atom is at the centre of a regular pentagon of fluorine atoms, and 
two other fluorine atoms are equally spaced above and below this plane, on 


the axis of symmetry through the iodine.°*® The electronic configuration in 


this structure has been considered.** Chemically, iodine heptafluoride shows 


‘reactions similar to those of the other halogen fluorides, and Ruff and Keim 


give a long list of elements with which reaction occurred, but these should be 


carefully considered in the light of what has been said previously as to the 


extent to which the occurrence and character of reaction must depend on the 


conditions of the experiment, including the state of division, purity and dry- 


ness of the materials, the quantities taken, etc. To some extent, however, 


the reactions of iodine heptafluoride may be less violent. Thus on bubbling 


the gas into water, solution occurred quietly and was incomplete: periodic 
and hydrofluoric acids were formed in the aqueous solution. Many organic 
compounds react vigorously; carbon monoxide burns in the gas. Ammonium 
compounds react violently, sulphuric acid becomes effervescent and with 
iodine the pentafluoride is formed.*°? 

A number of reactions have been examined in more detail.*® In studying 
reactions in presence of copper at temperatures up to 300°C., it was noted 
that the attack on copper was much more pronounced than with fluorine alone, 
in agreement with what has been previously noted about the effect of chlorine 
and bromine in such cases. It was not found possible to obtain, from sodium 
and potassium fluoride and rubidium chloride, compounds of the form MIF,; the 
rubidium chloride was partially converted into fluoride, but the other com- 
pounds were recovered unchanged. Reaction with dichloradifluoromethane in 
presence of copper gauze, leading to replacement of-one chlorine atom with 
fluorine, occurred to a small extent at about 350°C., but to a much greater 
extent in the presence of mercuric fluoride. No reaction occurred with chloro- 


_trifluoromethane. 
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SECTION VI. 


COMPOUNDS CONTAINING FLUORINE, OTHER HALOGENS, 
AND OXYGEN. 


By H.R. LEECH 


Several chlorine oxyfluorides have been discovered in recent years: their 
nomenclature is somewhat unsystematic. The first to be discovered, made 
by treating perchloric acid with fluorine, was called fluorine perchlorate, 
FCI1O,, by analogy with fluorine nitrate, FNO,, although the authors agreed 
that this was not a very good name. The compound ClO,F was not named by 
its discoverers. The discoverers of ClO,F proposed the name chloryl oxy- 


fluoride, ClO,.OF, by analogy with nitryl oxyfluoride, NO,.OF; and ClO,F, — 


it was suggested, should be called perchloryl cxyfluoride. There is a 
possibility of isomerism in this series, according to whether the fluorine 
atom is directly attached to the chlorine atom, ClOn.F, or through an oxygen 
atom, ClO,_.OF. The latter must almost certainly be the case in CIO,F, 
as in NO,F and, from the stability of such compounds as F,O and CF,.OF, 
both the existence and the stability of the OF group are shown. It may be 
suggested that compounds containing this group should be named fluoroxides, 
by analogy with hydroxides, and thus if the acid radicles of chlorous, chloric, 
and perchloric acid are named chlorosyl, chloryl, and perchloryl respectively, 
we have the following series: 


Radicle Acid Acid fluoride Acid fluoroxide 
Hypochlorous, Cl.OH ClF ClOF 
Chlorosyl, ClO- Chlorous, ClO.OH ClO.F ClO.OF 
Chloryl, Clo,- Chloric, ¢'CIO;.OH ClO,.F ClO,.0F 
Perchloryl, ClO,- Perchloric, Cl1lO,.0H Cl1O,.F' C10,.0OF' 


It will be observed that each acid fluoride after the first is isomeric with the 
fluoroxide of the preceding member. The hydrolysis of the fluoroxides will 
give rise to acid peroxides (or per-acids), and this will presumably contribute 
to instability in the presence of moisture. No corresponding bromine com- 


pounds have been reported, and the only iodine compound in this class is 
the oxytrifluoride, IOF,. 


Chlorosyl Fluoride, C1O.F; Chlorine Fluoroxide, C1.OF. 

These compounds have never been prepared although their existence was 
suspected by Ruff, e.g,, as a product of the hydrolysis of chlorine trifluoride. 
In one case, from the product of reaction with water (in silica) there was 
obtained, in addition to silicon tetrafluoride, a red liquid solidifying: at -70° 
thought to be CIOF.’ In another case, in the reaction of chlorine with 
fluorine oxide, a reddish-brown solid was separated in the liquid air trap. 
On warming up, the compound exploded at about~10°. This might conceivably 
be the fluoroxide.* The compound ClO.F would be isosteric with sulphur 


difluoride, SF,, which has not been characterized, but of which the b.p. is 
probably between -40° and -100°C. ‘ 


Refs. p. 185 182 | 


6 COMPOUNDS WITH OXYGEN AND HALOGENS 183 


Chloryl Fluoride, ClO,.F; Chlorosyl Fluoroxide, C1O.OF. 


The controlled reaction of fluorine and chlorine dioxide was shown by 
Schmitz and Schumacher to lead to the formation of a compound Cl1O,F, but 
this method of preparation affords no clue to its constitution.? Addition of 
fluorine causes chlorine dioxide to decompose explosively, but by diluting the 
gases with a considerable excess of nitrogen, combination occurs smoothly. 
Nitrogen was passed over pure redistilled chlorine dioxide at -50°C., when 
its vapour pressure is 25 mm., and fluorine was admitted from a reservoir 
held in liquid oxygen (pressure 2 atm.) to give a partial pressure of 50 mm. 
The gases were mixed ina 11. silica flask, and a contact time of 2—3 min- 
utes was allowed. The exit gases passed through a liquid oxygen trap, 
where a crystalline solid collected. The product was very sensitive to 
moisture, e.g., if admitted to silica apparatus which was not completely dry, 
reddish brown vapours were produced. The compound also seemed to react 
with glass and was, therefore, always handled in silica. The vapour pressure 
of a sample redistilled in vacuo was measured, and the following results, 
which were not regarded as very accurate, were obtained. 


p-Ce. 2-18.,-65:5 =55) ---45-5 —38.0,—30-2 —23-8: —17-2 —-9:7 .—63 
hee 8-8 25-2 55-9 103-8 161-4 244 338 459 645 1740 


The m.p. is about -115°; b.p., about -6°; mean latent heat of evaporation, 
6+2 kg.-cal./g.mol.; Trouton’s constant, 23-2. On exposing the compound to 


“moist air, dense white fumes are formed; and the authors considered it to be 


probably the fluoride of chloric acid, i.e., chloryl fluoride. Emeléus and 
Woolf suggested that this compound might be formed by the action of bromine 
trifluoride on potassium chlorate,* but this was before the discovery of C1O,F 
was announced, and it seems more likely that the latter would be the product 
of their reaction. Chloryl fluoride would be isosteric with thionyl fluoride, 
b.p. —43-8°, and with phosphorus trifluoride, b.p.-101°. 


Perchloryl Fluoride, C10,.F; Chloryl Fluoroxide, ClO,.OF. 

Fluorine reacts with sodium chlorate only above 200°C., to give the 
fluoride and chlorine, but with potassium chlorate it reacts between 140° and 
180°C. to give white fumes, and rubidium and caesium chlorates behave 
similarly ° the presence of chlorine would not account for the white fumes. 
By carrying out the reaction at a lower temperature, 40%60°C., Bode and 


_Klesper were able to show that the so-called chlorine hexoxide, Cl,O,, was 
formed, thus offering a new method of preparing this compound. At lower 


temperatures, still, ClO,F was obtained. The potassium chlorate was con- 
tained in a U-tube of Jena glass, and the reaction was allowed to start at 
room temperature or could be facilitated by adding a little iodine. As soon 
as the white fumes appeared at the exit, the tube was plunged into a bath at 


40°, and in this way there was obtained, in the liquid air trap, a white solid 
compound which melted at about ~110° and boiled at about -40°C. Reaction 


with caustic soda gave equivalent quantities of chlorate ion and fluoride ion 
together with some oxygen, and it was suggested thatthe reaction was ClO,F + 
20H’ —> ClO,’ + F‘ + H,O + %40,. With fluorine at 80°— 100°C. chlorine 
hexoxide was formed, 2FCIO, — F, + Cl,0,, together with a little chlorine 
monoxide. The vapour pressure was measured, and the following values 
were obtained: 


PoC; 46 —710 -67 -65 =57 +50  —48 
ne 224 237 +269 #305 #460 639 #£=°‘706- 


| These are represented by the equation logp = 4-41-1000/T. The b.p. is -46°; 


the moiecular latent heat of evaporation, 4-6 kg.-cal.; Trouton’s constant, 
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20:2. The m.p. was 110°, but no great purity was claimed for the product, 
and this may be too low. It is not obvious which of the isomers this com- 
pound is. The hydrolysis to chlorate suggests that it is the fluoroxide. The 
perchloryl fluoride would be isosteric with the compound SO,F, (b.p. =o, 
POF, (b.p. -39-4°) and SiF, (b.p. -95°), and the similarity of all these boiling 
points suggests that the compound prepared by Bode and Klesper is ClO,.F 
rather than C1O,.OF. These authors stated that on carrying out the reaction 
of fluorine and potassium chlorate at-78°, a different compound was obtained; 
this was a glass at liquid air temperature, softened at ~150° to an oily liquid, 
and boiled between -20° and =-10°. Cn hydrolysis it went almost completely 
to perchlorate and fluoride, with gas evolution. It was pointed out that this 
reaction and the boiling point suggest ‘fluorine perchlorate’, but this compound 
had been described as crystalline in the solid state. On the other hand 
perchloryl fluoride would hydrolyze to perchlorate and fluoride. If the re- 
action consists, in the first place, in the production of a perchloryl radicle, 
KCIO, + 4F, — KF + ClO,, fluorine may add on either to the chlorine or to 
one of the oxygen atoms, giving either the perchloryl fluoride or the chloryl 
fluoroxide, and the proportions of these two compounds would depend on the 
temperature. Unfortunately, it would be expected that the more compact 
molecule, ClO,.F, would have a lower boiling point than ClO,.OF, whereas 
the chemical evidence suggests that the lower boiling compound is ClO,. OF. 
Obviously more information is required. 


Perchloryl Fluoroxide, ClO,.OF (Fluorine Perchlorate) 

By analogy with the preparation of fluorine nitrate from fluorine and nitric 
acid, Rohrback and Cady studied the action of fluorine on perchloric acid. ° 
In the first case, fluorine was passed up a water-jacketed glass column 
packed with glass chips down which 60% perchloric acid was dripped. From 
the liquid air traps on the exit line it was possible to separate from the 
oxygen, fluorine oxide, and silicon tetrafluoride, a white crystalline solid 
which finally gave a liquid, b.p. ~15-9°/755 mm. The preparation was very 
inefficient; 100 cc. of acid gave only 1 cc. of liquid. By warming to 60°C., 
a slight improvement in yield was obtained. In an all-carbon apparatus none 
of this product was obtained, but by passing fluorine over the surface of 72% 
perchloric acid in a platinum boat, keeping the temperature at about 21°C., a 
90% yield was obtained. The compound readily exploded, e.g., a small 
spark or flame at the mouth of an open-ended test tube containing the gas 
shattered the tube, and a little grease or dirt, or even rubber tubing, caused 
explosive decomposition. In one experiment, contact with potassium iodide 
solution caused explosion. For analysis, the vapour was allowed to diffuse 
through a column of air into potassium iodide solution, when the reaction 
ClO,F + 21 +I, + ClOj{ + F" occurred: iodine, perchlorate and fluoride 
were determined to establish the composition. The vapour density at 25°. 
gave a molecular weight of 120 (calculated for ClO,F, 118-5). The compound 
had a sharp acid odour. On attempting to determine the freezing point, the 
compound tended to explode as it solidified, but in one experiment a f. p. of 
-167-3° was determined. Perchloryl fluoroxide is not isosteric with any 
known compounds. Attempts to prepare the corresponding iodine compound, 
10,F, from periodic acid led to the dehydration of the acid and then to the 
production of iodine pentafluoride.’ 


lodine Oxytrifluoride, IOF, 

Mellor (II, 292) states that if iodic acid is dissolved in a solution of hydro- 
fluoric acid in glacial acetic acid, colourless crystals of IOF;,5H,O are ob- 
tained on evaporation. Ruff and Braida isolated the anhydrous compound, 
IOF,, in the residues from the distillation of iodine pentafluoride, and said 
that it was formed from the oxygen present in the fluorine used to make this 
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compound.* They also said that if the temperature during the preparation was 


too high and the attack on the silica apparatus correspondingly great, or if 


the fluorine contained a good deal of oxygen, then the iodine oxytrifluoride 


crystallized out on cooling. After distilling off the iodine pentafluoride at 
10 mm. pressure and about -10°C., a crystalline residue remained, still re- 
taining some pentafluoride which was removed by keeping it in a liquid-air 
cooled receiver in a high vacuum for 48 hours. Determination of iodine and 


fluorine in the compound, assuming the undetermined proportion to be oxygen, 
gave the formula IOF,. Careful addition of water to iodine pentafluoride also 


gave the oxyfluoride, but the reaction is very violent and some pentoxide is 
also formed; there must be two reactions: IF, + H,O -+ IOF, + 2HF and 
2IOF, + 3H,O — IO, + 6HF, and probably the equilibrium 5IOF, = 1,0, 
+ 3IF,. On distilling off the pentafluoride, a mixture of the oxide and oxy- 
trifluoride remains. Addition of pentoxide to the pentafluoride gives rise 
to the equilibrium above, a cold saturated solution yielding about 42% of the 
oxytrifluoride. 

Iodine oxytrifluoride is obtained in fine white crystals which are hygro- 
scopic, very soluble in water, and decomposed by moist air with evolution of 
hydrofluoric acid. On heating, the compound darkens at 200° owing to the 
separation of iodine, and above this temperature decomposition into iodine, 
oxygen, and iodine pentafluoride occurs; this is complete at 400°C. With 
hydrogen there is a slow formation of iodine, hydrofluoric acid and water. 
Reaction readily occurs with organic compounds (e.g., benzene, alcohol), 
and with many metals. 
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SECTION VII 


COMPOUNDS OF FLUORINE WITH OXYGEN 
By H.R. LEECH 


When Mellor wrote his original work, he had to say that ‘no oxygen com- 
pound of fluorine has yet been prepared’. Some question was raised by 
Moissan as to whether an unstable compound was not formed in the reaction 
of fluorine and water, and other workers had referred to this possibility. But 
a difluorine monoxide, F,0, was reported by Lebeau and Damiens in 1927 as 
occurring in the fluorine obtained from their medium-temperature cell if the 
electrolyte was wet, and they later showed that the compound was readily 
made by bubbling fluorine through 2% caustic soda solution,a method which 
is generally employed. A difluorine dioxide, F,0,, was reported by Ruff and 
Menzel in 1933 to be formed when an electric discharge is passed through the 
mixed gases at liquid air temperature: the compound is completely dissociated 
below 0°C. According to a report by Aoyama and Sakuraba*® in 1938, di- 
fluorine trioxide, F,0,;, is formed by the action of ultra-violet light on a 
mixture of liquid oxygen and liquid fluorine, but still less is known about 
this compound. Ruff* and Ruff and Menzel?referred to the possible existence 
of another fluoride in the less volatile fractions remaining in the distillation 
of the difluorine monoxide, an observation which was confirmed by Cady,’ 
but Ruff and Menzel seem to have satisfied themselves later that no new 
substance was present.* A more recent study of the reaction of fluorine with 
water vapour does, however, indicate the formation of unidentified oxidizing 
compounds.* It has also been suggested that salts of a fluorine oxyacid 
were formed by the action of fluorine on cold concentrated caustic alkali 
solutions® but it is more likely that chlorine oxyacids were formed from 
chlorine present as an impurity in the alkali.’ There is no other report of 
any fluorine oxyacids, and fluorine monoxide shows no acidic properties. 


FLUORINE MONOXIDE 


Lebeau and Damiens were able to show that the fluorine from a medium- 
temperature cell, using their original electrolyte of composition KF,3HF, and 
a nickel or iron anode, was contaminated not only with oxygen, but also with © 
a compound of fluorine and oxygen. Though they could not at first obtain 
the compound in a pure state, they showed that it was a gas, slightly soluble 
in water, having no action on glass, and probably of the formula FLOot ain 
attempting to purify the gas, they examined the effect of washing it with 
caustic soda, and were thus led to the discovery that the compound was in 
fact formed by reaction of fluorine with 2% caustic soda solution.? Whilst 
the formation of fluorine oxide has been observed in a number of reactions, 
this is the preparative method which has always been used, with practically 
no change. Fluorine oxide is formed in reactions where the elements of 
water, if not water itself, may be regarded as present: an exception to this 
is the decomposition of an alkaline solution of nitroxyl fluoride, NO,F 
(fluorine nitrate), made by the action of fluorine on nitric acid.?® This 
compound dissolves in 2% caustic soda and slowly reacts, evolving fluorine 
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oxide according to the equation 2NO,F + 2NaOH -> 2NaNO, + F,O + H,0."* 
When fluorine reacts with periodic acid dihydrate, the water is first removed 
and the evolved gases contain up to 27% of fluorine oxide.*? This compound 
is also said to be formed by the action of fluorine on perchloric acid.'* The 
products of the reaction of fluorine with water have been the subject of some 
dispute, and obviously the reaction is very sensitive to the conditions. 
Work in this field has already been considered under ‘Fluorine’ (see page 55). 
Ruff treated water vapour, diluted with carbon dioxide, with fluorine in a 
copper vessel at a temperature above 100°C.* No ozone was observed in the 
product condensed in liquid air, but he believed that, on fractional distillation, 
the fraction distilling between -170° and ~160° was probably fluorine oxide, 
and that a small fraction melting between -35° and 0° was another fluorine 
oxide. Cady passed fluorine over ice, or over ice-cold water, and found 
that the major volatile product was oxygen but that some fluorine oxide was 
formed; if ozone is formed, he concluded, its importance as a product of the 
reactionhad been overemphasized, for he could find none.* Later investigators 
agreed with Ruff that only fluorine oxide, hydrogen peroxide, hydrogen 
fluoride and oxygen were formed, and ozone, if at all ,only in traces.** Briner 
and Tolun pointed out that Moissan and earlier workers may have identified 
as ozone what was in fact fluorine oxide,*® but as ozone, if formed, could 
possibly undergo decomposition owing to the intense local heat of the fluorine 
reaction, they considered the possibility of lowering the temperature of the 
reaction with liquid water by employing solutions having much lower freezing 
points. They could find no ozone in the reaction gases from fluorine and 
water at O°C., or in the product of reaction of fluorine with aqueous hydro- 
fluoric acid, sulphuric acid or potassium nitrate at low temperatures, but 
31% caustic potash at -55°C. did give about 1% of ozone. It was not clear 
whether this was a specific effect of the potash, which is known to form an 
ozonate. Ruff and Menzel identified some ozone in the residual liquid from 
the fractional distillation of crude fluorine oxide made by the fluorine~caustic 
soda process.’ In all these reactions some fluorine oxide was formed, and 
fluorine oxide was always obtained from fluorine and water, whether or no 
the fluorine had been previously liquefied. This was contrary to an observa- 
tion by Ruff, who stated that his yield of fluorine oxide (by reaction with 
caustic setts fell to zero when the fluorine had been liquefied.’ In the latest 
work on this subject, however, ozone has been identified in the products of 
reaction.® Fluorine and water vapour were allowed to react, in nitrogen as 
diluent, at room temperature and pressure using excess of fluorine: the re- 
action appeared to occur in two stages, one fast and one slow, and the 
formation of products stable in presence of fluorine and water was far from 
complete after 10 seconds. The products identified were hydrogen fluoride, 
oxygen, ozone, and hydrogen peroxide. There were probably some fluorine 
oxides, and the material evaporating from the condensation traps, at tem- 
peratures above ~80°C., contained an unknown gas which had some of the 
characteristics of fluorine, was soluble in water and was suspected to be 
an oxygen-fluorine compound. 

Cady found that the reaction of fluorine with solid hydroxides — those of 
sodium, potassium, calcium, and barium (octahydrate) — was variable.* At 
0°C., the sodium and barium hydroxides reacted rapidly, much heat was 
liberated, the gaseous product was nearly all oxygen with an odour of fluorine 
oxide and the less volatile unidentified compound referred to by Ruff was also 
present. At -78° the zeaction would hardly start except on vigorous shaking, 
and as much as 30% of fluorine oxide was present in the gaseous products. 
Cady also studied the effect of concentration of caustic alkali on the for- 
mation of fluorine monoxide and found that with both caustic potash and 
caustic soda the yield is greatly dependent on the strength of the solution, 
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Fig. 1, YIELDS OF FLUORINE OXIDE PRODUCED BY THE 
_ ACTION OF FLUORINE ON AQUEOUS SOLUTIONS 


as shown in Fig. I. The yield rises to a maximum of almost 60% in 0-5N- 
caustic potash which, he says, ‘is about the same hydroxide concentration 
as the 2% sodium hydroxide used by Lebeau and Damiens’. The yield falls 
very steeply in the direction of lower alkalinity, being about 1% in a neutral 
solution, and somewhat less steeply in the direction of higher alkalinity, 
being still 40% for al-ON-solutionand 10% for a3N-solution. These reactions 
were carried out at 2°C. and it. was found that, on shaking a solution of the 
desired strength with fluorine gas, the reaction took about 90 seconds for 
completion. It is obvious, however, that in this method of carrying out the 
reaction the alkalinity of the solution is changing throughout, and Cady does 
not say specifically what his alkalinities represent -- whether they are the 
strength of solution at the beginning of absorption, the average alkalinity, or 
that finally reached. If the other product of reaction is mainly oxygen, the 
two principal reactions are 2F, + 2NaOH -> 2NaF + F,O + H,O, and 
2F, + 4NaOQH —-+ 4NaF + 2H,0 + O,. In this reaction the volume of 
oxygen 1s half that of the fluorine, and therefore, for a yield of x % of oxide on. 
the fluorine used, the percentage of oxide in the total gaseous product will be 
200x/(100+%) and for Cady’s 60% yield, the gaseous product will contain 75% of 
oxide and 25% of oxygen by volume. Most workers have reported less than 
this: Ruff and Menzel refer to a 45% yield;? others say the gas contained 
50% of oxide, i.e. 33% yield;**” or 60%,=43% yield;'® using 4% NaOH, the 
gas contained only 15% oxide, = an 8% yield;*® and recently 3% caustic soda 
has been used but no yield given.”° Since the yield is very dependent on the 
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Fig. 2, REACTOR FOR FLUORINE OXIDE PRODUCTION 


concentration of caustic soda employed, it must also depend on the ratio of 
caustic soda to fluorine in the reacting system. For this reason production 
is always carried out in continuous flow apparatus and in a study of the 
production using a large volume of 2% solution circulated through the reaction 
chamber (though little information is given) it is pointed out that the contact 
time between the fluorine and the caustic soda must be very short as on 

prolonged contact the fluorine oxide is decomposed.** The production of 
fluorine oxide has been described on a number of occasions***%'*° but there 
is very little variation in the method since its first description by Ruff and 
Menzel. A text-book description may be taken as typical.’’? The essential 
feature is a glass reactor (Fig.2 ) made of 1 inch diameter glass tubing, 6 
inches long, provided with a bottom inlet for caustic liquor and an overflow 
at a little below half way up the tube. There is an upper gas outlet, and an 
inlet pipe of copper or platinum enters through the top and dips 4 — ‘4 in. 
into the caustic liquor. Caustic liquor is fed through the reactor at the rate 
of 1 1./hr.; fluorine at the rate of 1-3 1./hr. The gas produced is washed 
with water and then passed through a trap cooled with solid carbon dioxide 
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and into a liquid-air-cooled trap, where a pale yellow liquid collects. For 
purification, the crude condensate must be fractionally distilled in a low 
temperature column. Ruff and Menzel obtained finally a 40% yield of gas 
containing 98-5% of fluorine oxide? and later 99-8%.* By condensing in 
liquid oxygen and pumping down with a water-jet pump, a product containing 
75% of oxide was obtained’? whilst another similar preparation gave a product 
with 85% mol.-% of oxide.*” By freezing in liquid nitrogen and pumping off 
oxygen, a purity of 96% was achieved.* Finally, by fractional distillation 
through a 3 ft. column, a middle fraction of substantially pure oxide was 
obtained — 99-6%, 100-02% ‘by iodimetry.”° 

The physical properties of fluorine monoxide have recently been re- 
viewed.” Ruff and Menzel said that at liquid-air temperature, a» layer of 
the liquid 1-5 cm. deep was an intense yellow with a tinge of brown? but 
later the liquid has been described as pale yellow only.*” The gas is colour- 
less. There has only been one value reported for the melting point of the 
solid, -223-8°C. for a material only 98-5% pure.** The density of the liquid 
was given by Ruff and Menzel as 1-65 at -190°C.;? d = 2-1315 — 0-004695 T 
(2K.)* 

In later work, the density at the boiling point has been given as 1-521, 
compared with 1-531g./c.c. from the above equation, and the density can be 
represented by d = 2-190 — 0-00523 T: the mean density (liquid and vapour) 
is 1-069 — 0.00240 T, from which the critical density is 0-553 g./c.c?4 The 
viscosity of the liquid is 0-2826 centipoises at -145.3°C., and log 7 = 


72 ~ 1-5768 where Tis in °K., between —146° and ~153°C.** The vapour 
pressure is given by the equation logp,, = 7:3892 — 2/804 and,* later, 


logpie <°7-2242 —ooatee 20 
the second —145-3°C., both obtained on samples 99.8 — 100% pure. From 
the first equation, the latent heat is calculated to be 2-650 kg.-cal./g.mol.; 
and Trouton’s constant, 20-65. The critical temperature was found to be 
—58-0° + 0-1°, the calculated critical pressure is 48-9 atm. and the critical 
density, 0-553 g./c.c** The thermodynamic properties, calculated from 
spectral data, are given in Table I.*5 


The first equation gives a b.p. of —144-8°C., 


TABLE I- THERMODYNAMIC FUNCTIONS OF F,0O. - g.-cal./deg.mole. 


—(F H/T 
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From electron diffraction studies, the F~O—F angle is estimated to be 
100 + 3°,7° or 105 + 5°,?7 and from a study of the infra-red spectrum, it is 
100-6°.78 The O-F distance is given as 1-4 + 0-1A.?7_ Spatial relations in 
fluorine oxide have been considered theoretically.?99°° Ruff and Menzel 
expected, by anology with chlorine monoxide, that fluorine monoxide would 
be highly endothermic, but found that the compound could not be explosively 
decomposed by sparking, even using a heavy spark. They determined the 
heat evolved on burning the oxide in hydrogen and absorbing the products in 
dilute caustic soda, and calculated the heat of formation of the oxide as 
-4.6 + 2 kg.-cal., so that the compound was slightly endothermic.” Von 
Wartenberg and Klinkott measured a numbet of heats of reaction and obtained 
discordant results for the heat of formation.’® From the reaction with 40% 
caustic potash, 2KOH + F,O -> 2KF + H,O + %40,, the heat of formation 
was estimated to be -11-5 + 2 kg.-cal.; from the reaction with potassium 
iodide solution acidified with hydrofluoric acid, 4HI + F,O +> 2HF + 
H,O + 2I,, a value of -8-0 + 2 kg.-cal. was obtained, and the reaction with 
45% hydrobromic acid gave the value 14.8 + 1.7 kg.-cal.: the figure=11.9 +2 
kg.-cal., was considered the most probable. Ruff and Menzel suggested a 
nm figure of -9.2 kg.-cal.;** von Wartenberg favoured the value -9 kg.- 

cal. 

Fluorine monoxide is a relatively stable compound, in the sense that it 
cannot be detonated by sparking, but the influence of water vapour is import- 
ant. Von Wartenberg found that when confined over sulphuric acid a gas of 
25% fluorine monoxide content (the remainder being oxygen) could not be de- 
tonated between platinum points, but when the gas was kept over water,violent 
explosion occurred with mixtures containing 25-70% F,O, and a gas contain- 
ing only 12% F,O exploded weakly.*® In these explosions 80 ~— 90% of the 
oxide present at the higher concentrations decomposed, but only 50% of that 
present in the milder explosions of weaker mixtures. It was suggested that 
in the presence of moisture hydrofluoric acid was formed, and that the much 
greater heat evolved in this reaction led to explosion. A study of the spec- 
trum suggested that one absorption maximum was to be attributed to dissoc- 
iation of the molecule into two particles, either (EK, + O) or (F + FO), and 
another to complete breakdown into the constituent atoms,** and this led toa 
study of the photochemical dissociation. The oxide, contained in a water 
cooled silica vessel, was irradiated with a quartz mercury vapour lamp, and 
the change of pressure was observed. Decomposition occurred, but no ap- 
preciable quantity of free fluorine was found, all the fluorine appearing as 
silicon tetrafluoride: dissociation presumably produces fluorine atoms which, 
unlike fluorine molecules, attack the silica vessel. The thermal decompos- 
ition was then studied; vessels of glass, silica, magnesium, copper and silver 
were used, and the reaction was shown to be homogeneous.*® Again, silicon 
tetrachloride was formed when this was possible, but when hard glass was 
used some fluorine was retained in the walls as silicofluoride. The copper 
and silver vessels showed steady fluorine absorption over many days, but 
the magnesium vessel was extraordinarily good, and in this case the fluorine 
produced by decomposition of the oxide remained uncombined. The reaction 
was unimolecular but followed a second order rate:- 


“ARO! _ ik LF,0F + k{F,0N0,] + b,[F,OUSiF,} AF OXI 


where X is an added gas — helium, argon, or neon — for which collison yields 
were obtained. 

Fluorine oxide has been shown to be soluble in water, and the solution 
obeys Henry’s law, with an absorption coefficient of 0.04297 at 20°.** Ruff 
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and Menzel gave a value of 0-068 at 0°.* Reaction occurs in the liquid phase, 
however, and the solutions are not stable although the rate of reaction is 
slow, so that this, rather than the rate of solution, controls the overall rate 
of disappearance of the gas.*”** In the case of dilute caustic soda, on the 
other hand, reaction is rapid, and the rate of solution is the controlling 
factor.*4 The rates of reaction with various concentrations of caustic soda 
solution have been studied, and expressed as a rate equation for a first order 
reaction with K = 0+34 mins* for 10% NaOH at 29°, 0-10 min. for 1% NaOH at 59° 
and 0-045. min.-* for 1% NaOH: at 21°C. Agitation causes a considerable 
increase in reaction rate.’® It has been shown that, in the reaction with 
caustic soda, all the oxygen is liberated as gas and no oxidizing compounds 
remain in solution: the reaction is, therefore,’” 


FO + 2NaOH => 9 2Nar tet Oe: 


and the gas does not behave as an acid anhydride. The reaction with 
caustic soda was used by Ruff and Menzel as an analytical method; the gas 
was shaken with 10% NaOH for 20 minutes, and fluorine was then determined 
in the solution.’ 

Fluorine oxide, like fluorine, the halogen fluorides and oxygen, is a 
powerful oxidizing agent; it reacts readily with oxidizable aqueous solutions 
and withorganic compounds; it does not react readily at ordinary temperatures 
with solids which can form a protective coating, and is generally considered 
less reactive than fluorine.* A whole series of reactions was reported by 
Ruff and Menzel.* The stability of glass towards fluorine oxide was noted, 
and this material has been generally utilized in its production and handling 
but it has been noted that at temperatures of the order of 250°C. glass is 
attacked and silicon tetrafluoride, or fluosilicates, formed. A quartz filament, 
when heated to redness previously, will burn brightly in a stream of fluorine 
oxide.* Metals in finely divided form usually reacted on gentle warming, 
when of course, owing to dissociation, fluorine atoms may be present. Silver 
blackens, gold turns brown, mercury acquires a film (and on boiling gives a 
yellow fluoride) and even metals of the platinum group all glow and form 
fluorides when gently warmed in the gas. Mixtures of the halogens and 
fluorine oxide exploded on gentle warming and when the mixture with chlorine 
was passed through a copper tube at 300°C., reaction proceeded in a series 
of puffs or more violent explosions, chlorine monofluoride being formed 
although the reaction was incomplete. In one experiment a solid reddish- 
brown substance collected in the liquid air trap after the reactor, and exploded 
on warming up to -10°. This, it was suspected, might be chlorine monoxide 
or the chlorine oxyfluoride which Ruff often observed but never isolated. 
In another case, it has been reported that solid iodine is converted to iodine 
oxides.** Many compounds also reacted vigorously when gently warmed;* 
antimony pentachloride and titanium tetrachloride did not form any known 
oxyfluorides or oxychlorides but gave complex fluorochloro-derivatives. 
Sodium chloride and carbonate gave the fluoride, as did sodium nitrite and 
potassium nitrate. Calcium oxide reacted only on heating strongly. Phos- 
phorus pentoxide, arsenious oxide, aluminium chloride, and chromic oxide 
reacted vigorously. Plumbous oxide gave lead peroxide and fluoride, mercuric 
chloride, the oxyfluoride. Many reducing gases exploded on sparking, but in 
some cases slow reactions occurred. Sulphur dioxide slowly gave the tri- 
oxide; hydrogen sulphide exploded on mixing; ammonia formed white fumes 
and slowly deposited ammonium fluoride; nitric oxide slowly turned brown, 
etching the glass, suggesting the formation of nitrosyl and nitryl fluorides. 

Ruff and Menzel* also showed the powerful oxidizing action of fluorine 
oxide on aqueous solutions: from silver nitrate a higher oxide, Ag,O,, was 
precipitated; manganous sulphate yielded hydrated manganese dioxide. In 
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alkaline solution, CrI ions were oxidized to chromate; from hydrogen 
sulphide, sulphur was precipitated; potassium ferrocyanide was oxidized 
_in.a complex manner. The reaction with acidified potassium iodide, 


FO + 4HI -> 21, + 2HF + H,O, 


was first used by Ruff and Menzel as an analytical method; the reaction 
goes rapidly to completion, and the determination of iodine gives a ready 
means of estimating fluorine oxide.* Von Wartenberg and Klinkott also 
examined a number of the reactions of fluorine oxide, and showed that whilst 
hydriodic acid reacted very rapidly, the reaction was less rapid with hydro- 
bromic acid, and was slow with hydrochloric acid.*” Reducing substances 
such as zinc, sodium sulphite, stannous chloride, ferrous sulphate, sodium 
thiosulphate and arsenious oxide reacted slowly, but were activated so that 
oxygen in the fluorine oxide was also absorbed. Ammonia in aqueous 
solution did not go completely to nitrogen; some was, converted into nitric 
acid. The oxidation of aqueous solutions of stannous chloride, sodium 
arsenite, ferrous sulphate and potassium sulphite has also been reported.** 
Amongst organic compounds, benzene and paraffinic compounds absorb the 
gas completely; in the former case hydroquinone and quinone were formed, 
no phenol or pyrocatechol being observed.*® Though little reaction with 
methanol, ethanol, benzene or carbon tetrachloride could be observed at room 
temperature, the gas dissolved in carbon tetrachloride and half of it had 
reacted in 48 hours.. The distribution coefficient between water and carbon 
tetrachloride was examined, and anomalous results were obtained.”* No 
uses have developed for this oxide of fluorine, and no reactions have been 
found of particular interest in preparative chemistry. It has, however, been 
suggested that difluorine monoxide has peculiar advantages as an oxidizing 
agent in rocket propellants.°*° 


DIFLUORINE DIOXIDE 


The possible existence of other fluorine oxides and fluorine oxy-acids 
_ has been referred to above, under ‘Fluorine Monoxide’. Ruff had referred to 
the residue obtained on distilling his crude difluorine monoxide and, in his 
search for a higher compound, he examined this further.* The residue was 
separated by distillation into three fractions, which were examined separately. 
The first, boiling between -145° and -128°, proved to be a mixture of the 
monoxide and carbon tetrafluoride arising from the graphite anode in his 
fluorine cell. The second, boiling between -128° and -55°, but mostly 
distilling about -110°, was blue, and could also be identified by its smell 
as being principally ozone. The third, distilling between -55° and -51°, 
proved difficult to analyse, but it could only be concluded that it was largely 
made up of hexafluoroethane and sulphuryl fluoride. In a further search to 
find a higher compound — the idea being to make OF, — a mixture of fluorine 
and fluorine oxide was heated to 300° over potassium fluoride, and was also 
passed through an ozonizer; the monoxide was also heated with chlorine 
trifluoride; in no case, however, was any evidence obtained of a new com- 
pound.* Two years later it was shown that another oxide was formed on 
sparking together oxygen and fluorine at low temperatures.*’ A mixture of 
fluorine and oxygen at low pressure (about 15—20 mm. pressure of each gas) 
was passed through a silica vessel where a glow discharge was maintained 
whilst cooling with liquid air. An orange-coloured solid deposit appeared on 
the walls of the vessel, and melted to a cherry-red liquid at about -160°. 
It was possible to distil it under reduced pressure, so long as the temperature 
was not allowed to exceed -100°C., and the vapour was pale brown. On 
warming above -100°C., however, decomposition afforded a colourless gas. 
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The first product was characterized as difluorine | dioxide, F,O,, and the 
thermal decomposition product was said to be FO. A little later Ruff, in 
showing the formation of this orange-red deposit as a lecture demonstration, 
said that he had used the reaction as a means of removing oxygen from 
fluorine, which is certainly a very elegant application.** Larger quantities 
of the oxide were made in the brush discharge, either from a large inductor 
with a Wehnelt interruptor, or with 50-cycle alternating current, appropriately 
stabilised, from a transformer. There were differences in the performance 
with these two discharge methods, and also with the proportions of fluorine 
and oxygen used, these factors affecting the yield so that the removal of 
oxygen from fluorine was only achieved by the first method.*? It has also 
been stated that difluorine dioxide is formed when a liquid mixture of the 
monoxide and oxygen is irradiated with ultra-violet light, or when liquid 
oxygen and fluorine gas are subjected to the silent electric discharge.*° 

The melting point of difluorine dioxide is -163-5°C.; the density is 
given by d = 2-074 — 0-00291 T (°K.), determined between msi and -156°. 
The vapour pressure, below -100°, corresponds with the equation log pym = 

1000 
7-515 T 
Above -100°C., however, the vapour pressure does not fall on this curve, 
owing to decomposition into the colourless gas which was described as OF. 
This gas was said to differ from a mixture of oxygen and fluorine by its 
complete reaction with acidified potassium iodide; values for the m.p., 
vapour pressure, and density were given, and some chemical properties, said 
to be very similar to those of fluorine, were described.*® However, two 
years later Ruff announced that this ‘oxide’ was a mixture of fluorine and 
oxygen.*! Shortly afterwards Frisch and Schumacher, who had studied the 
kinetics of the dissociation of the dioxide, published a similar statement and 
claimed that Ruff was already aware of their intention to do so.** These 
authors gave a separate account of their attempt to identify the compound 
FO.** They confirmed the ready preparation of the dioxide, but found that 
the colourless decomposition product had the absoprtion spectrum of F, + O,, 
rather than that of a new compound 2FO. They showed also that a synthetic 
fhixture of fluorine and oxygen was absorbed by 30% hydriodic acid in exactly 
the same way as the decomposition product from the dioxide. The acid and 
the gas had to be carefully mixed or flames appeared, but if care were taken 
there was a rapid initial reaction corresponding to absorption of the fluorine 
followed by a slow reaction, taking over an hour, when oxygen was absorbed. 
Ruff and Menzel had relied on this absorption as proof of the existence of 
FO, and this new evidence made it certain that difluorine dioxide dissociates 
into fluorine and oxygen. 

In their kinetic studies Frisch and Schumacher***** made the dioxide 
using fluorine, from which the hydrogen fluoride had been removed, and 
carefully purified oxygen. The whole apparatus was of silica, the discharge 
vessel being 20 cm. long. As energy source, they used first a large inductor 
supplied with 500 cycle alternating current, and later a transformer on the 
50 cycle supply, giving 0-07 amp. at 5000 volts in the secondary circuit. 
The upper electrode was water cooled and the 2 mm. copper wire of the 
lower electrode was cooled by the liquid air in which the lower part of the 
reactor was immersed. The gases were drawn through the apparatus by a 
water pump, the diaphragm valve on the fluorine supply being set to deliver 
a quantity equivalent to 6 amp. on the fluorine cell. (A sulphuric acid-filled 
bubble counter on the fluorine supply had to be taken out, as the spray from 
it reduced the stability of the fluorine dioxide). The oxygen supply was 
adjusted so that the discharge was thin and red, and a good yield was so 
obtained. If too much oxygen was supplied, the discharge ceased; the best 
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proportion of fluorine to oxygen was 1:1. The decomposition was studied by 
measurement of the pressure change, since there is a doubling of the pressure 
on decomposition; BOF «tes F, + O,. It was found that glass was 
strongly attacked even at low temperatures, and the whole apparatus was 
therefore made of silica. The reaction was studied between -25° and -60°C. 
with Starting pressures of between 20 mm. and 400 mm.; it was shown to be 
unimolecular and homogeneous; the activation energy was 17-3 kg.-cal. The 
influence of foreign molecules was also studied and it was shown that only 
with oxygen was the activation probability enhanced.*® Fluorine dioxide can 
exist only transiently as room temperature is approached, and there have 
been no other reports of its formation. The hypothetical molecule FO has 
been the subject of theoretical treatment. *® 


> 


DIFLUORINE TRIOXIDE 


It has been reported that when a liquid mixture of fluorine monoxide and 
oxygen is illuminated with ultra-violet light, a solid consisting of the dioxide 
and a new compound, F,O, is obtained.*° It is also claimed that the same 


compound is formed when liquid fluorine and liquid oxygen are submitted to 
ultra-violet radiation.*” 
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SECTION VIII 
FLUOROCARBONS AND RELATED COMPOUNDS. 
By G.M. DYSON 


NOMENCLATURE AND SCOPE 


The term ‘fluorocarbon’ connotes compounds of carbon and fluorine only; 
if part of the fluorine in such a structure is replaced by another halogen the 
substance is called a ‘fluorohalocarbon’ (e.g. C,F,,Cl,). There has been 
some confusion concerning the use of ‘perfluoro’; Haszeldine and Sharpe’ 
state that it signifies ‘that all the hydrogen atoms in the compound have been 
replaced by fluorine’. This is not in conformity with the usage which confines 
the use of ‘perfluoro’ to those compounds in which all hydrogen atoms directly 
attached to carbon only are replaced by fluorine. The latter is the more con- 
venient usage and willbe followed throughout this section, so that, for example 
CF,-CF,-CF,-OH will be perfluoropropanol, and CF,(CF,),COOH, perfluoro- 
octanoic acid. The large number of perfluoro compounds already prepared 
and the apparently limitless scope for future preparations makes the develop- 
ment of a convenient nomenclature necessary. Strictly speaking, compounds 
of carbon containing fluorine belong to the domain of organic chemistry and 
may be named by rules commonly used in that subject; this occasions no 
difficulty in simple instances where only one or two fluorine atoms are present, 
as in 1-fluoropropane, or 1,5-difluoropentane. The complete fluorination of 
such structures does not make normal systematic nomenclature impossible, it 
merely makes it cumbrous, as in 1,1,1,2,2,3,3,3*octafluoropropane or, a fortiori, 
1,1,1,2,2,3,3,4,4,5,5, 5-dodecafluoropentane; this difficulty can be overcome 
by the ‘perfluoro’ convention set out above. The real difficulty arises when 
a structure contains many fluorine atoms, but is not fully ‘perfluorinated’, as 
in CF,-CFCI-CF,-CF, (2-chloro,1,1,1,2,3,3,4,4,4-nonafluorobutane) or in 
.CF,-CFH-CFH:CF,-CF, (1,1,1,2,2,3,4,5,5,5-decafluoropentane); these names 
are cumbrous, but the substances cannot be named by the ‘perfluoro’ con- 
vention. 

Simons” proposed to overcome this difficulty by using, for all perfluoro 
compounds, new names made by inserting the syllable ‘for’ in an appropriate 
place in the systematic or accepted name of the corresponding carbon=hydrogen 
compound; thus, CF, methforane, C,F, ethforane, C,,F,, decforane, CF,=CF, 
ethforene, CF=CF ethforyne, CF,COOH, acetforic acid. Any deviations from 
complete perfluorination could then be indicated as substituents into the ‘for’ 
name; thus, the two examples given above would be 2-chlorobutforane and 
2,3-dihydropentforane. This principle, of denoting a perfluoro compound by a 
special ‘mark’ applied to the name of the corresponding CH structure, has 
much to recommend it; whether or not the ‘mark’ proposed by Simons is the 
most convenient and generally acceptable has yet to be determined. Some 
authors place ® before the name of the corresponding unfluorinated structure 
to indicate perfluorination, as in M-indan, C,F,,. 

: _ The scope of this section covers the fluorocarbons and perfluoro-com- 
pounds, together with the fluorohalocarbons and such highly fluorinated struc- 
tures, still retaining some hydrogen, as may be necessary to complete the 
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study of the fully fluorinated compounds. Since Dumas and Péligot® prepared 
the first organic fluorine compound ~ methyl fluoride = in 1835 little was done 
in the field until Moissan’s isolation of fluorine, in 1886, made the use of | 
direct fluorination a possibility. Even then, despite the important pioneer — 
work of Swarts, highly fluorinated compounds were comparative rarities until 
the advent of the modern fluorine cell, and the large-scale production of an- 
hydrous hydrofluoric acid and the higher metallic fluorides enabled fluorina- 
tion to be controlled. Now it seems clear that the majority of organic struc- 
tures have their analogous perfluoro compounds and that these are not just 
hypothetical possibilities but are comparatively easily prepared. We have, 
therefore, to contemplate another chemistry - similar to organic chemistry and 
quite as extensive - in which hydrogen (except in a few functional groups) has 
been replaced by fluorine; and if we take account also of the innumerable 
highly, though only partially, fluorinated structures that may exist it 1s ap- 
parent that in time the scope of fluorine chemistry could equal or even exceed 
that of classical organic chemistry. 


PREPARATION 


The principal methods of preparing highly fluorinated organic structures 
are: 


. Direct fluorination of carbon. 

. Direct fluorination of ofganic compounds in the liquid or vapour phase. 

. Fluorination with higher inorganic fluorides, e.g. AgF,, CoF3, CeF, or 
MnF;. 

. The interchange of the fluorine of anhydrous hydrofluoric acid with the 
chlorine of organic chloro-compounds, under the catalytic influence of 
inorganic fluorides such as SbF;, AgF, and FeF;. 

5. The electrolysis of solutions of organic compounds in anhydrous 

hydrofluoric acid (the electrochemical method). 


oy WY NO 


1. DIRECT FLUORINATION OF CARBON 


Ruff and Keim* subjected purified wood charcoal to a stream of fluorine 
in which it burned to give mainly carbon tetrafluoride, CF,, with some C,F, 
and C,F,and a small proportion of high-boiling residue which had the molecular 
formula C,F,,. The direct fluorination of graphite gave similar results, with 
more of the higher-boiling products. Ruff and Bretschneider* showed that 
decolorizing carbon or graphite, at a temperature just below ignition point, 
absorbed fluorine to form a substance with the apparent composition® of a 
polymeric carbon monofluoride (CF),. This compound decomposes violently 
at higher temperatures to give free carbon and a mixture of fluorocarbons. 
X-Ray data support the view that this substance is a true chemical indivi- 
dual.*** On the other hand, Simons and Block,’ using approximately 1% of 
mercurous or mercuric chloride to moderate the violence of the interaction of 
fluorine and finely divided carbon, obtained a series of perfluoro paraffins. 


2. DIRECT FLUORINATION OF ORGANIC COMPOUNDS 


The violent explosions encountered when attempts were made to fluorinate 
hydrocarbons in the liquid phase with elementary fluorine, led to the earlier 
experiments being conducted with halocarbons, which are more tractable. 
Thus, Ruff and Keim® studied the fluorination of carbon tetrachloride, demon- | 
strating that the violent and sometimes explosive course of this reaction could 
be moderated by passing the fluorine just above the surface of the boiling 
liquid, to which a trace of iodine had been added and in the vapour of which 
the fluorine burned quietly. An even better method was to pass the vapour 
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of the tetrachloride mixed with fluorine and nitrogen over a higher inorganic 
fluoride as catalyst (e.g. CoF,). A mixture of CFCl,, CrCl, Cleland 
CF, is obtained; if the proportions of CCl, and F, are equimolecular, these 
products are present in the proportions 6:9:3:1. One complication, common to 
this reaction and to others in which the substance to be fluorinated ‘contains 
chlorine, is that chlorine monofluoride itself is formed and may also act as a 
fluorinating agent. 

With hydrocarbons containing more than one carbon atom the energy liber- 
ated during direct fluorination is more than adequate to fracture the C-C bond, 
so that direct fluorination of a Cy hydrocarbon leads to a mixture of all the 
perfluoro compounds from CF, to CpF,, +, 

Bockmiiller®*® studied the direct fluorination of a wide variety of organic 
substances, isolating in the main only partly fluorinated compounds; this 
_method was also examined by Bigelow’? who obtained many new perfluoro 
compounds. During the course of this work it became clear that vapour-phase 
fluorination offered considerable practical advantages over fluorination in the 
liquid phase. The discovery by Fredenhagen and Cadenbach'® that vapour- 
phase fluorination can be conducted safely if the fluorine delivery tube is 
pierced by a number of small holes and wrapped in several turns of fine copper 
gauze, led to the establishment of this as a standard preparative method. It 
appears that the gauze not only acts thermally by rapidly conducting heat 
_ away from ‘hot’ spots, but also exerts a catalytic effect. 

With ethane and fluorine in the molecular proportion of 1:6, yields of up to 
80% of C,F, were obtained; but considerable dilution of the fluorine with 
nitrogen was necessary before substantial quantities of the intermediate 
partly fluorinated compounds could be isolated. The best results were ob- 
tained™* with F,:C,H,:N, = 4:1:2 when 90% of partially fluorinated products 
_ was obtained. 
| Extension of this method to the fluorination of methane*® gave, with F,: 

CH,:N, = 2:1:10, up to 45% of products of b.p. higher than that of CF,, but 
the latter compound could be exclusively produced by increasing the concen- 
_ tration of fluorine and diminishing that of nitrogen. Some of the products 
obtained by Bigelow and his colleagues are shown in Table I (see page 200). 

Cady*® made the process more effective by packing the reaction vessel 
with silvered copper turnings which allowed a higher reaction temperature 
(up to 300°) to be used; this prevents decomposition of polymers on the cata- 
lyst with consequent loss of activity. Other workers” have found advantages 
in the use of gold-plated copper catalysts. 


3. FLUORINATION WITH HIGHER INORGANIC FLUORIDES 


This method, often called ‘Fowler’s method’ after the leader of the team 
who first investigated it,** consists in the use of a fluoride - originally CoF,, 
though CeF,, MnF, and AgF, can also be used — as fluorinating agent.’? In 
the original method cobalt trifluoride was prepared by dehydrating cobalt 
chloride by heating this salt spread on trays in a nickel reaction vessel, 
converting the anhydrous chloride to the difluoride by heating in a stream of 
anhydrous hydrofluoric acid at 400°, and then reducing the temperature to 
250-300° and forming the trifluoride with elementary fluorine. Silver difluoride 
is prepared ina similar manner. After purging free fluorine from the apparatus 
with nitrogen the fluorides are allowed to react with the organic materials.™ 
It will be noted that although free fluorine is not used in the final fluorination 
it is essential for the preparation of the active agent; hence the method is 
rather expensive and is often used for completing fluorinations which have 
beencarried to acertain point by hydrogen fluoride in the presence of catalysts 
(see page 210).. Various improvements have been made in the design of the 
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TABLE I.- PRODUCTS OBTAINED BY DIRECT FLUORINATION 


Product 


Parent Substance 1 


Ethyl Chloride’ CF, Carbon tetrafluoride 
CrCl Chlorotrifluoromethane 
CF,CF,Cl |Chloropentafluoroethane 
CHF,CH,Cl |2-Chloro-1, 1-difluoroethane 


Acetone?’ CF,COCF,* Perfluoroacetone 
COF, Carbonyl fluoride 
(COF), Oxalyl fluoride 


CH,FCOCH;Monofluoroacetone 


(See above) 
Perfluoropropane 38 
Perfluorobutane - 5 
Perfluorocyclopentane +1 
Perfluoropentane +22 
Perfluorocyclohexane +52 
Undecafluorocyclohexane +62 
? +90/90 
mm. 
A variety of unidentified 
products including 
C,Cl, Fe. 


Benzene? 


| Hexachloro= 
benzene??? 


* Soluble in water and giving a Semicarbazone. 


| Has a liquid range of only 3=4°. 


reactor,’* and a 90% conversion of a hydrocarbon to the perfluoro compound 
can be attained (calculated on fluorine taken from CoF;). The cobalt difluo- 
ride remaining after the reaction can be re-converted to the trifluoride many 
times before replacement is necessary. Silver difluoride is frequently prefer- 
red for liquid phase fluorination since the residual cobalt difluoride is very 


bulky whereas silver fluoride is granular and more easily separated from the 
product. ? 


TABLE II. - PERFLUOROCARBONS OBTAINED WITH CoF; 


| Boiling ield 
range (°C.)| % 


Product 


Perfluoro 


Pentane 

cycloPentane 
Dimethylcyclopentane 
Hithyleyclopentane 
Benzotrifluoride 
Heptane 

o~ Xylene 

m=Xylene 

p~Xylene 

Bis(tri fluoromethyl)benzene 
Mesitylene 

Indan 

Hexadecane 

Diphenyl ether 
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-pentane 
-cyclopentane 
-dimethyleyclopentane 
-ethylcyclopentane 
-methylcyclohexane 


-heptane 

-o-dimethylcyclohexane 
-m-dimethylcy clohexane 
-p-dimethylcyclohexane 
-p-dimethyleyclohexane 


8 2-4-82-6 
23+ 5-23-77 
71-5-71-8 
75-1752 
76+3-76+4 
8 2-4-8 2-6 
102. 1-10 2-4 
101-7-101-9 
100-5-100-6 
101-0-101-8 


-1,3,5-trimethylcyclohexane | 124-'7-125-1 


-hexahydroindan 
~hexadecane 
-dicyclohexyl ether 


1172-11765, 
238-240 
175-176 
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In Table II is shown a series of typical products prepared by this method?” 
together with their boiling ranges and the yields obtained (see page 200). 
McBee and Bechtol have extended this method to polycyclic hydrocarbons, 
using silver difluoride,?® and some of their products are listed with their 
physical properties in Table III. 


TABLE III.- SOME PERFLUORO FUSED-RING COMPOUNDS 


b.p. f.p. 
"Cc. ee 


Perfluoro 

Napthalene | CioFig ~decalin 140 -7to~10 | 1-9456 | 1-3118 
1-Methylnaphthalene | C,,F,, -1-methyldecalin 161 < 75] 1-9606 | 1-3168 
2-Methylnaphthalene | C,,F,, -2-methyldecalin 160-1 <=60 | 1-9632 | 1-3164 
Acenaphthene Cy.Fi. -perhydroacenaphthene|173 —2 to 0 1-9883 | 16-3292 
Indan CyFi,, ~hexahydroindan 116-7 | -8to=-15] 1-8838 | 1-3033 
Fluorene C,,;F,, -perhydrofluorene 190 < -40] 1-9819 | 163264 
Dimethylnaphthalene| C,,F,, -dimethyldecalin 177-9 -30 to~40} 1-9759 | 1-3200 
Phenanthrene C,,F,, ~-perhydrophenanthrene |205-6 < ~40} 2-0197 | 1.3315 
Anthracene Cy4F,, -perhydroanthracene 211-2] +76-81; — - 

Fluoranthene | C,,F,. ~perhydrofluoranthene |235-9 |-30 to-36! 2.0598 | 1.3460 | 


Attempts,”” using AgF,, to obtain perfluoro compounds from highly chlorin- 
_ated terphenyl, triphenylene and 1,3,5-triphenylbenzene, gave compounds which 
still retained 20% of halogen as chlorine and belong to the fluorohalocarbon 
series; similar results were obtained with antimony pentafluoride. It is 
interesting to note that in 4-phenoxydiphenyl, dinaphthylene oxide, dibenz- 
anthrone, triphenylamine and Nephenylcarbazole, the oxygen and nitrogen 
_ survive chlorination and fluorination. 

All the compounds obtained by direct fluorination from aromatic or fused- 
-ring hydrocarbons are fully saturated; none preserve an aromatic character, 
_ since the energy of addition of fluorine to the aromatic nucleus appears to be 

much less than that of substitution. If aromatic perfluoro compounds such as 
perfluorobenzene, C,F,, or perfluorotoluene, C,F,, are required a roundabout 
method must be used.** The most usual method of preparing such products is 
to fluorinate hexachlorobenzene with 3 moles of bromine trifluoride to give a 


TABLE IV. - AROMATIC PERFLUOCRO- AND FLUOROHALO- COMPOUNDS 


DOA AADA A YD 


81-2 
56-57 
122-3 
88-9 
119-20 
156-7 
112-5-3-5 
145-5 


3 WNWNee | 


From Toluene* 
103-5 
135-8-6 
170. 5-0.7 
| 128- 5-9-5 
158-160 


aowonre | 


-13 to~11 
+6 

-60 to=-65 

~25 to =30 


59 to 58 
<=~70° 
<=70° 


| All toluene derivatives contain the CF; eroup ; 


1.3760 
1-3149 
1-4256 
1-3560 
1.4030 
1.4466 
1-3748 
1.4013 


1.3664 
1.4043 
1.4445 
1-3681 
1-393 
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fluorohalocarbon having approximately the composition C.BrCl,F;; on reduction 
with zinc dust in ethanol or acetamide, this compound gives the products 
shown in the upper part of Table IV (see page 201). Corresponding products 
from toluene are shown in the lower part of the same table. 


4. FLUORINATION WITH ANHYDROUS HYDROFLUORIC ACID 


Each of the methods previously described for preparing fluorocarbons 
involves the direct or indirect use of elementary fluorine. This is both ex- 
pensive and inconvenient and in many cases Can be either obviated or mini- 
mised by anexchange reaction with anhydrous hydrofluoric acid inthe presence 
of a catrier catalyst. An additional advantage of such methods lies in the 
fact that no fragmentation of the carbon skeleton takes place. The main dis- 
advantage is that the process seldom goes to the stage of complete fluorina- 
tion even though compounds rich in fluorine are obtained. The latter can, 
however, be brought to the perfluoro stage by a subsequent treatment with 
fluorine, thus saving much of the expense of full fluorination with the element, 
with the further advantage that the direct perfluorination of a structure already 
containing a substantial proportion of fluorine is a more easily controlled — 
reaction than the direct action of the element on the corresponding hydrocarbon. ~ 
For example the conversion of benzotrichloride to perfluoromethylcyclohexane 
by the two stages 


i es Cheee 
aa He ete BES 0 es ee 
<3 Gl amasire PR eee ean Ch Ges 


is cheaper and more easily controlled and also gives a higher yield of pure 
product than does the direct fluorination of toluene.” 

By using anhydrous hydrofluoric acid under pressure with a little antimony 
pentafluoride as catalyst, carbon tetrachloride can be progressively converted 
into CCI,F, CCI,F,, CCIF, and CF,: in general it appears that any compound 
containing the -CCl, group reacts readily under the conditions set out above 
to give the -CF, group; hence chloroform readily gives trifluoromethane and 
benzotrichloride gives benzotrifluoride. On the other hand the -CHCl, group 
reacts with some reluctance, usually giving -CHCIF, and being converted to 
-CHF, only under very severe conditions, while -CH,Cl and -CHClI are 
scarcely affected.”” Areview of the application of this method with a complete 
list of aliphatic perfluoro compounds so prepared has been given.?’ The 
method is not applicable to the formation of aromatic perfluoro compounds,”’ 
but holds for chlorinated side-chains in such compounds. In such cases, 
e.g. bis-m- or bis-p- trichloromethylbenzene (from m- or p- xylene) where the 
chlorine is very reactive,*°** a 50% conversion to the bis-trifluoromethy] 
compound takes place in anhydrous hydrofluoric acid containing 5% of SbF,. 
This approach to the -CF, compounds has been used industrially.*7°° Per- 


fluoroheptanes and (x )polychloro (16-n) polyfluoroheptanes have been produced 
by analogous methods.*”"*? 


3. ELECTROCHEMICAL FLUORINATION 


The most remarkable advances in perfluorination have been made in the 
last few years with the aid of Simons’ electrochemical process.“ This pro- 
cess entirely avoids the preparation of elementary fluorine by dissolving or 
suspending the substance to be perfluorinated in anhydrous hydrofluoric acid 
and using the solution, with some potassium fluoride, as an electrolyte. 
Nickel anodes and steel cathodes are used with a potential difference of 5-GV. 
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The success of the process depends largely on the fact that perfluoro com- 
pounds are insoluble both in the parent hydrocarbons and in hydrofluoric acid, 
and so either separate immediately from the electrolyte as liquids or solids, 
or, if volatile, may be condensed from the effluent gases of the cell. This 
method is of almost universal application and has made available an enormous 
_ number of perfluorocompounds and fluorocarbons. Hydrocarbons usually yield 
the corresponding perfluoro compounds; acids and alcohols yield more complex 
mixtures of which the main constituents are usually the analogous perfluoro 
hydrocarbon with the same number of carbon atoms; at the same time some 
incompletely perfluorinated structures are obtained. Perfluoro compounds 
in which elements other than carbon and fluorine are present can also be 
prepared inthis way (see page 211). 


UNSATURATED ACYCLIC FLUOROCARBONS 


Special interest attaches to the unsaturated acyclic fluorocarbons in view 
of their polymerization to analogues of polyethylene which have outstandingly 
resistant properties. The most commonly encountered member of this series 
is perfluoroethylene CF,=CF, made in large quantities for the production of 
Fluon (Teflon). It is obtained by non-catalytic pyrolysis** of one of the 
Freons — chlorodifluoromethane — in polished silver tubes at 600 —660°, 
2CHCIF, — CF,=CF,+ 2HC1; the yield is 90% or better, and the high-boiling 
fraction, which has been accumulated and examined in detail, consists of 
fluorohalocarbons of formula H(CF,),Cl, together with some cyclic compounds 
of interest. 


TABLE V.- CONSTITUENTS OF HIGH-BOILING FRACTION 
FORMED IN CHCIF, PYROLYSIS 


: Compound: H(CF)),;Cl 


Compound: cyclo eal 


n 
ecole a 


* 


About 20% in high-boiling fraction. 
% About 30% in high-boiling fraction. 


Table V shows the compounds isolated and their physical properties. The 
identity of the open-chain compounds was checked by chlorination to the aw- 
dichloro compounds, C1(CF,),Cl, some of which were known, and these in turn 
were fluorinated to the perfluoro hydrocarbon, F(CF,),F, the properties of which 
had previously been recorded. 

Tetrafluoroethylene is an odourless and colourless gas b.p. -/6-3°C., 
-102°. It must be stored away from materials containing oxygen and in a 
presence of stabilisers such as tri-tert. -butylamine or pinene.*’ Chlorotrifluoro- 
ethylene (perfluorovinyl chloride), CF,=CFCl, is also valuable as a substance 
giving industrially useful polymers. It is readily prepared by running the 
Freon CF,Cl-CFCl, into a boiling suspension of zinc-dust in ethanol; the 
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vapours are passed through a column in which ethanol condenses and is re- 
turned to the reaction vessel, while chlorotrifluoroethylene —a gas, b.p. 
-27-8°C. — passes on and is condensed by refrigeration and pressure. * All . 
possible fluorochloro derivatives of ethylene are known, and some of their 
boiling points are shown in Table VI; it will be seen that the boiling point 
falls by about 50°C. for each chlorine atom replaced by fluorine. 


TABLE VI1.- BOILING POINTS OF CHLOROFLUOROETHYLENES 


mnimn| mn|mnim n | 
CF ClyemCinClen PS AM | , 11/10 0 0 | 3 


The dichlorodifluoroethylene, CFCI=CFCl, is the raw material for produc- 
ing perfluorobutadiene, also valuable for its polymers. When sym-dichlorodi- 
fluoroethylene is subjected to the action of fluorine at -20° it is largely (40%) 
converted into 1,2,3,4-tetrachlorohexafluorobutane:- 3 


2CFCI=-CFC1+F,  — CCIF,-CCIF-CCIF-CCIF, 
CCIF,-CCIF-CCIF-CCIF, aa CF, = CF-CF = CF, 
t 


This, on dechlorination with zinc and ethanol,** yields hexafluorobutadiene. 
An alternative method of preparing perfluorobutadiene is from CF,=CFCI which 
dimerizes at 600° to CF,=CF-CFCI-CF,Cl which may be dechlorinated to per- 
fluorobutadiene with zinc and ethanol. It is a reactive liquid, b.p. 7., 
which not only yields long chain polymers, but also on non-catalytic polymeri- 
zation at 200° gives a dimer C,F,,, a remarkable saturated fluorocarbon, m.p. 
40°C., b.p. 80°, for which the following structure has been suggested: 


CF, ~ CF ~CF -CF, 
ér,—¢r—dr —dr, 


Only a few highly fluorinated compounds containing the triple bond have 
been prepared. Haszeldine** obtained the trifluoropropyne, CF,.C=CH, as a 
colourless gas, b.p. ~48-3°C.; it is intensely reactive in the normal triple 
bond manner and has a smell resembling that of acetylene. It is concluded, 
therefore, that the proximity of a -CF, group does not interfere seriously with 
the acetylenic function provided one hydrogen atom remains; on the other 
hand Henne and Finnegan*® prepared perfluoro-2=butyne (CF,-C=C-CF;), in 
which no hydrogen remains, and found it to be a colourless liquid, b.p-24-7* 
to -24-5°C. of very sluggish reactivity; it could, however, be oxidized easily 
to perfluoroacetic acid, and reduced by hydrogen and Raney nickel progressively 
toCF,°CH=CH-CF, and CF,-CH,-CH,-CF,« 


PHYSICAL PROPERTIES OF FLUGROCARBONS 
AND FLUOROHALOCARBONS 


The boiling points of perfluorohydrocarbons in the C,-C, range are some- 
what higher than those of the corresponding hydrocarbon,*” but from C, 
onwards the fluorocarbon has the lower boiling point, the divergence increasing 
with the carbon number (see Table VII, page 206), The greatest regularity in 
boiling points appears in the perfluorohydroaromatic fused ring series where 
the approximate relation exists t,; = t, — 5n where & is the b.p. of the per- 
fluoro compound, t, that of the perhydro compound and n the carbon number. 

In general, melting points, except for those of carbon tetrafluoride and 
perfluoropropane, are higher than those of the corresponding hydrocarbons, 
owing, presumably, to the higher atomic mass of fluorine as compared with 
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hydrogen. (See Table VIII). The m.p, of perfluorocyclohexane is very near 
its b.p., figures of +50°C. and +52°C. respectively having been given for these 
quantities,** although other authors’ show the m.p. 58°C. (sealed tube) to be 
higher than the b.p. 51°C. 

The densities of fluorocarbons are roughly twice those of the correspond- 
ing hydrocarbons and the temperature coefficients of change of density are 
much higher 'than for any other common substance.**® This leads to the rapid 
establishment of turbulence on heating which in association with the other 
physical and chemical properties of fluorocarbons, particularly low surface 
tension, great stability and lack of corrosive action, makes them ideal heat- 
transfer liquids. 


VISCOSITY OF FLUOROCARBONS 


The viscosity of fluorocarbons is higher than that of the corresponding 
hydrocarbons; some examples*’ are shown in Table IX, from which it is clear 
that the viscosity is maintained at higher temperatures by the higher fluoro- 
carbons in such a way as to make them useful as lubricants. The fact that 
most fluorocarbons are stable indefinitely at 300°C. and many show no break- 
down at even higher temperatures makes them valuable as high-temperature 
lubricants. 


TABLE VH.- SOME PHYSICAL PROPERTIES OF FLUOROCARBONS 


1-96/-184° 
1-85/-78° 
1-45/0-2° 
1-4'7/ 20° 


1-80 1-0-00 240 to-¢9 
1. 839=0 -00 25 lime 
1. 860—0-00 248 to-go 


1-873+0-00 230£3,-65 
1-919=0-00 248 teo-130 
1-96 1-0-00 256tg0-175 


pi816/=100" 
1+368/=40° 
CR=CF:CF=CF, 

(monomer) 
CR=CF-CF=CF, 

(a-dimer) 
CF,-CF.CF=CF, 

((-dimer) 

CR.C=C-CR 


* All substances thus marked are white crystalline 


solids; all others are colourless gases or liquids. 
=~0.00040z 
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TABLE VII. - SOME PHYSICAL PROPERTIES OF FLUOROCARBONS Continued 


Substance Rateto 


~ Perfiuoro- 
-isobutane 
-2, 2, 3-trimethyl- 
butane 
-2,2,4-trimethyl- 
pentane 


-cyclobutene 
-cyclobutane 


-cyclopentane 1-64/30°  |1-24/30° 

-cyclohexane 1:684/30° |1-2685/30° 

-methyl- 1-'7779/30° |1-2762/30° 
cyclohexane 

-1,3-dimethyl- 1-8270/ 30° |1- 2858/ 30° 
cyclohexane 

-1,3, 5-trimethyl- 1-8676/ 30° |1-2930/30° 


' cyclohexane 


PERFLUOROAROMATIC| 
COMPOUNDS 
Perfluoro- 


C.F | -benzene 81-82 80.2 } 
C,F, | -toluene 103-5 


PERFLUORO HYDROAROMATIC 
FUSED RING COMPOUNDS 
Perfluoro- 
~ perhydro- 
-indene 


1-612 1-376 
1-660 1-3664 


116-117 =8to-15 |1-8838/ 20° | 1-3033/ 20° 


“naphthalene 14.1.9 -Tto~10 |1.9456/20°|1-3118/ 20° 

-1-methyl 161 <=75 11.9606/ 20° |1-3168/ 20°} 
naphthalene 

-2-methyl 160-1 <=60 |1-9632/ 20° |1-3164/ 20° 
naphthalene 

-diphenyl* 415 = _ 

-acenaphthene -2to0 1-9883/20° | 1-329 2/ 20° 

-fluorene ; <@40 {1.9819/ 20° | 1-3264/ 20° 

-anthracene +76 to 81 — aS 

-phenanthrene <=40 |2.0197/20° | 1-3315/ 20° 


-fluoranthene 30 to -36 |2.0598/ 20° | 1-3460/ 20° 
-retene 2-05/30° |1-343/25° 
-chrysene 2.06/25° |1-344/25° 


All substances thus marked are white crystalline 
Solids; all others are colourless gases or liquids. 


T Has a liquid existence of only 2 or 3 degrees. 
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TABLE VIII.- COMPARISON OF MELTING POINTS 
OF FLUOROCARBONS AND HYDROCARBONS“ 


trp, °C: Mpc, 
Hydrocarbon Fluorocarbon 


ieee 


Methane 
Ethane 
Propane 
Heptane 
Hexadecane 
cycloPentane 
cycloHexane 
Bicyclohexyl 


TABLE IX. - VISCOSITIES OF SOME HL UOROC ARBONG 


Paraffin Viscosity (in millipoises) at 
fluorocarbons [|= 


The direct polymerization of tetrafluoroethylene or chlorotrifluoroethylene 
gives solid polymers of higher molecular weight than is desired for lubricant 
oils; the ideal perfluoro lubricant would be a mixture probably of average 
molecular weight “10,000, corresponding to a chain length of about 20 carbon 
atoms, with a boiling range of 150-200°C. at 10mm. and suitable viscosity. 
The polymerization of chlorotrifluoromethane can be controlled by the use of 
suitable peroxide concentrations in the chloroform solutions:- 


CHCl, + n(CF,=CFCl) => CI,C(CE,CFCl),H 


In this reaction the growing chain molecule reacts with chloroform and chain 
growth ceases; thus the compound formed contains chlorine in excess of that 
contributed by the monomer. These ‘polymer oils’ are not stable until they 
have been fluorinated.*° In Table X are shown the viscosities of polymer 
oil fractions; in the lower part of the Table the corresponding properties of 
the fluorinated polymer oils are given.*? 

Despite the fact that these mixed polymers do not retain their viscosity 
at higher temperatures quite so well as the fluorocarbons, they are shown to 
have, under practical conditions, lubricating properties at least equivalent 
to those of ordinary lubricants, in addition to their thermal stability. 

The length of the polymer chain in Cok polymerization can be controlled 
to give lubricating oils and greases® by carrying out the polymerization in 
the presence of iodine which stops the growth of the chain at n = 8=-15:- 


Ler  I(CzE yl 
Cobalt fluoride fluorination of the mixed polymers replaces the iodine by 
fluorine and gives a product which may be fractionated to give fluorocarbon 


oils and greases; these have been termed industrially ‘Fluorolubes’. A 
typical ‘Fluorolube’ has the specification:- 
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Colour Water-white 

Acidity Nil. 

Water (Max. %) 0-005 

V.P. at 140°F. (Max.) 8-0 x 10°? 

Viscosity in centipoises at 210°F. 25-0 

Stability Inert to CoF, 
at 200°C, 


TABLE X.- VISCOSITY OF POLYMER OIL FRACTIONS 
(AS PREPARED AND FLUORINATED) 
‘Viscosity 
(centistokes) 


Fraction range °C. 


POLYMER OIL 100—110 
110-120 


120-130 
130-140 
140-160 


FLUORINATED POLYMER OIL 
127-137 
137-147 
147=157 


Another method of preparing fluorocarbons of this class is to take advan- 
tage of the reaction of Prins®*** in which carbon tetrachloride and trichloro- 
ethylene yield sym.-heptachloropropane and to polymerize fluorohalocarbons 
in its presence;5§ as with chloroform the chain-growth stops at 6=20 carbon 
atoms and the product may be perfluorinated to yield a satisfactory lubricant. 

The surface tension of perfluoro compounds is the lowest observed among 
all organic substances:*’ for example perfluoro-octanoic acid (prepared by the 
electrochemical method from octanoic acid solutions in anhydrous hydrofluoric 
acid) in 0-3% solution reduces the surface tension of water from 72-8 to 16 
dynes/cm.;°® whereas the most powerful commercial surface-active agents 
produce a lowering to only 27-30 dynes/cm. 

The atomic parachor of fluorine in fluorocarbons is 22-6, taking 8-6 for 
carbon.*” 

Fluorocarbons are insoluble in water, and most are insoluble also in an- 
hydrous hydrofluoric acid; some are soluble in halocarbons and most fluoro- 
carbons are miscible one with another forming very stubborn azeotropes;”* 
fluorocarbons are insoluble in hydrocarbons - a mixture of heptane, perfluoro- 
heptane and water separates into three immiscible layers. 


CHEMICAL PROPERTIES OF SATURATED FLUOROCCARBONS 


Saturated fluorocarbons are characterized by chemical inertness;*? they 
are unaffected by all common reagents at all strengths and at temperatures up 
to 400°C, They will yield up their halogen®® to fused potassium at 500- 
550°C. or to sodium in liquid ammonia,® but appear to undergo practically no 
other chemical reactions excepting pyrolytic decomposition at temperatures 
of 500=1000°C. (when the products are mainly smaller fluorocarbons) and 
combustion in fluorine. 


POLYMERS OF UNSATURATED FLUOROCARBONS 


The tendency to polymerize shown by unsaturated hydrocarbons persists 


in their perfluoro analogues. This has been much studied in connexion with 


perfluoroethylene, chlorotrifluoroethylene and perfluorobutadiene, all of which 
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produce polymers of high chemical resistance and excellent electrical pro- 
perties. 


POLYPERFLUOROETHYLENE, (FLUON, TEFLON) 


This polymer, first®* prepared in 1939, has proved to be of immense value 
technically. It is obtained by the simple process of treating an agitated 
aqueous suspension of benzoyl peroxide with C,F, under pressure.®* The 
polymer separates as a dense, white, crystalline powder which needs only 
_ washing and drying. As so prepared it has great stability but no mechanical 
cohesion; it is quite unchanged by heating at 300-310°C. for long periods, 
but at 327°C, it undergoes a transition to a tough translucent massive form. 
Unfortunately, it does not undergo viscous flow™ so that it is lacking in one 
of the major qualities of a ‘plastic’, This lack of flow means that the for- 
mation of articles in the polymer must be achieved by machining the rough 
shapes obtained by compressing the powder above 327°C. in a suitable mould. 
Numerous patents have been directed to the preparation and working of this 
polymer,°*°? and attempts have been made, not without some success, to 
obviate the mechanical disadvantages of polyperfluoroethylene by co-poly- 
merization with ethylene,” vinyl chloride or fluoride” or N-alkoxymethylpoly- 
amides;’* a detailed discussion of this problem is, however, outside the scope 
of this work. 


POLY(CHLOROTRIFLUOROETHYLENE) 


The problem of obtaining a somewhat more tractable isomer has also been 
approached by polymerizing chlorotrifluoroethylene, giving Keflon (or Kel=F), 
having chemical properties only slightly inferior to those of polyperfluoro- 
ethylene and, moreover, being more easily shaped and worked. On pyrolysis 
at 450-475°C, this polymer depolymerizes giving the monomer and a quantity 
of dichlorohexafluorocyclobutane.”* 


POLYPERFLUOROBUTADIENE 


_ This substance might be expectedto show elastic properties, but the course 
of polymerization of hexafluorobutadiene is abnormal. The products are 
shown in Table XI and are liquids.** 


TABLE XI.- PRODUCTS OF POLYMERIZATION OF PERFLUOROBUTADIENE 
Polymerization con 


| | ditions (°C.) 


Hexafluorocyclobutene 6-5 
Dimer (high-boiling) 66 
Dimer (low-boiling) — 
Trimer Le 
High-boiling residue 


The electrical properties of the C,F, and C,F,Cl polymers are very good; 
Fluon (Teflon) has a dielectric constant (€) of 2-1/25° (compared with ben- 
zene, 2°29; chloroform 5-2 and ethanol 26-8) while the dissipation factor is 
<0-0005 at 60~10*° cycles. The fact that arcing or sparking does not decom- 
pose these materials to form carbon makes them virtually ‘non-tracking’. These 
properties are surpassed by those of perfluorotrien-butylamine (C,F,),;N which 
in addition to being completely inert and non-basic has a dielectric constant 
1-85 at 25°C./100 cycles and a dissipation factor of 0-0005 uv to 10 mega- 
cycles. 
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PERFLUORO COMPOUNDS WITH ELEMENTS ADDITIONAL TO CARBON 


The most commonly encountered members of this series are the fluorohalo- 
carbons, especially those in which the other halogen is chlorine. The origin 
of the modern development was in the recommendation of Henne and Midgeley 
in 19307 of dichlorodifluoromethane as a practical refrigerant. Their search 
for a non-toxic, non-corrosive, non-inflammable liquid having the desired 
thermodynamic properties led them to examine CCl,F, which proved the ideal 
solution to their problem. This substance, named Freon) was the forerunner of 
a whole family of chlorofluoromethanes all now called Freons in the United 
States of America, (‘Arctons’ in the United Kingdom and ‘Frigenes’ in Germany) 
the original substance being distinguished as ‘Freon 12’, The members of 
the group are chiefly the fluoro and chlorofluoro derivatives of methane, ethane 
and propane, and a number of them are shown, with their properties, in Table 
XII. Both Freon 12 and Freon 13 behave well as insulators, but their vapours 
can be broken down by persistent high tension discharge to carbon tetra- 
chloride, carbon tetrafluoride and traces of free chlorine. ’* 


TABLE XII. - SOME CHLOROFLUOROMETHANES AND ETHANES 


Tpoerute Name mipoc: bere: er Ref, 


CHFCl, Chlorofluoromethane +9 2 
CHF,Cl Chlorodifluoromethane -41 1 
CHF, Trifluoromethane 82 15 
CFCl, (Freon 11) | Trichlorofluoromethane +25 : 

8 


CF,Cl, (Freon 12) | Dichlorodifluoromethane 29 

CF,Cl (Freon 13) | Chlorotrifluoromethane: -80 

CF.CHCI, 1,1-Dichloro=2, 2, 2-trifluoroethane ei 1 
CRCVCECK 1,1,2,2-Tetrachlorodifluoroethane “+491 15 
CHENG Hi 1,1, 2-Trifluoroethane +3 14 
CHF,CHF, 1,1,2, 2-Tetrafluoroethane ~22 to =23 14 
CF,CHF, Pentafluoroethane 48-5 14 
CRCECI Chloropentafluoroethane ~38 16 


The majority of these substances canbe prepared from chloroform, carbon 
tetrachloride or a chlorinated derivative of ethane or ethylene by catalytic 
fluorination with anhydrous hydrofluoric acid in the presence of a carrier such 
as SbF;, SbCl,, CoO,, MnF,; etc. The choice of a refrigerant rests on three 
factors: availability, b.p., and high fluorine content. ‘The high fluorine 
content is to ensure absence of toxicity and corrosive action, and the choice 
of b.p. depends on the duty to be performed by the refrigerator. Commercial 
refrigerators, where temperatures of -12 to -22° are necessary, use substances 
such as Freon 12 (CCI,F,, b.p.=29°C.); for domestic refrigerators, where tem- 
peratures need not fall below ~10°C. a Freon boiling between -10° and 0°C. 
will serve equally well; with the higher boiling compound less pressure will 
be developed and so a lighter and cheaper construction can be used. 

The effect of isomerism among fluorohalocarbons is shown most markedly 
in the m.p.; thus Haszeldine and Sharpe’ have drawn attention to the physical 
properties of the four pentachlorotrifluoropropanes:- 


beba te: ane oF Oy | ny 
CPCINCES GCIy. o aasaes <=80 1.4394 
GRERCCISCECH 9 159 4.9 1.4396 
CECLEFCLEGI. 153-3 -14.8 1.4392 
Crpeci bet 153+] +109 2 
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The refractive indices of the three liquid isomers are almost identical and all 
four isomers boil within a range of 2+2°C., but the melting points differ widely. 
Studies’°”’ of the dimerization of 1, 1-dichloro-2,2-difluoroethylene (CF,=CCl,) 
and chlorotrifluoroethylene led to the recognition of the differences between 
these substances and trifluoroethylene, the latter forming ‘top to tail’ poly- 
mers, and the former dimers such as 1,1,2,2-tetrachlorotetrafluorocyclobutane; 
the four substances obtainable are:- 


bps c: fie pe, d‘5 n’ 
GF,-CCl, : 2 
CF,-CCl, 131-6/762mm. 84-8 ~ _ 
CF,-CCl 7 
CF,-CCl 67-1/61-5mm. —43-4 = 1-5340/25° 1-3699/25° 
CF, -CFCl 
Cr,- CFI 59°87/760 mm. =24 1-6441/20° 1.3340/20° 

F,-CF 

eho er 1-13 ~60:37 at a 


PERFLUORO COMPOUNDS CONTAINING OXYGEN 


Acetone’’ has been perfluorinated directly with elementary fluorine to 
CF;.CO.CF,, a colourless liquid, b.p.-28°C., m.p.-129°, Like acetone it is 
soluble in water, and readily gives the semicarbazone (m.p. 153°, with1H,O). 
During the preparation of perfluoroacetone,’® both COF, (‘fluorophosgene’) 
b.p. 83° (previously examined by Ruff’*) and trifluoroacetyl fluoride, CF,COF, 
b.p.~59°, were obtained.”” Analogous compounds have been obtained from 
methyl ethyl ketone and cyclopentanone (CF,;.CO.C,F, and C,F,O), whilst it 
has been shown that the CO groups in such structures ‘as dibenzanthrone 
survive perfluorination.”” The cobalt trifluoride method, however, cannot be 
used for the perfluorination of simple ketones. 

Both carbon monoxide and methanol, on direct fluorination,*® yield trifluoro- 
methyl hypofluorite, CF,OF, b.p.-94:2+0-5°C. This substance is an ana- 
logue of CCI,SCl; thus it cannot be reduced to perfluoromethanol, CF,OH, 
but gives fluorophos gene: 


CF,OF +H, -> COF, + 2HF. 


The substance is stable to heat up to 450°, passing through a copper tube 
heated to that temperature without change.*° It is slowly decomposed by 
water. 

Ethers have been perfluorinated, and perfluorodicyclohexyl ether has al- 
ready been described (page 200). The electrochemical method has been found 
satisfactory for the preparation of difluoroethers® and they may be also pre- 
‘pared by direct fluorination.* The boiling points of some perfluoro ethers are 
shown in Table XIII and Haszeldine* has pointed out that with the exception 
of the initial member of the series - perfluorodimethyl ether = these constants 
are almost identical with those of the perfluorohydrocarbons of the same 
carbon=number. They are similarly inert. 

Numerous perfluoro acids have been obtained, and in many cases the 
electrochemical method is very sucessful, leading to both the perfluoro acid, 
e.g. CF,(CF,),COOH, and to its acid fluoride, CF,(CF,),COF, from which the 
acid itself can be obtained. 

Haszeldine®**** synthesized perfluoro acids through trifluoroiodomethane 
which has a labile iodine atom: it is prepared from the silver or lead salt of 
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to 
p= 
hQ 


TABLE XIII.- PERFLUOROETHERS 


b.p.°C. of hydro- 
carbon of same 
carbon number. 


(CF),0 Perfluorodimethyl ether 
(C,F;),0 Perfluorodiethyl ether 
(C3F,),O Perfluorodipropyl ether 
(C,F3),0 Perfluorodibutyl ether 
(C5Fi1)2O0 Perfluorodiamyl ether 
C,F,OCF; Perfluorobutylmethyl ether 


(CR)SO(CK), Perfluorodioxan 
(C,ROCF,CF)),0 Perfluorodiethoxydiethyl ether 


trifluoroacetic acid and iodine. With tetrafluoroethylene, it reacts to form 
heptafluoro-l-iodopropane in which the iodine is still labile and will react 
with acetylene to give heptafluoro-l-iodopentene; this, when oxidized with 
permanganate yields perfluorobutyric acid,** C,;F,COOH, b.p. 120-8=121°C.,. 
ns 1-295. 

CF,COOA: #51, —> CHI + CO Aci 


C,H 
CFI + C.F, Sag CFyGh. Gra Si 


CRCERCE CH=CH.» .imeh ene roner 
Aqueous solutions of the perfluoro acids have remarkably low surface tensions 
(see page 208). 

Trifluoroacetic acid, CF,;COOH, is an interesting case of a compound, al- 
ready known for some time in small quantities, which has recently been pro- 
duced on a large scale. The ready availability of benzotrifluoride and the 
great stability of the CF, group make this the best source of trifluoroacetic 
acid. Nitrated benzotrifluoride is reduced to 3-aminobenzotrifluoride which 
on oxidation with chromic acid yields trifluoroacetic acid:* 


a HNO; ye Sn +HCl] CS CrO; 
CF, => | 
Ko fins KPO Oe KY Se 


NO, NH, 
This compound may also be prepared from acetic acid by electrochemical 
fluorination, by the fluorination of acetone over nickel shot,®§ or by alkaline 
permanganate oxidation of certain unsaturated fluorohalocarbons, for example 
CF;.CCl=CCl, or CP,.CCl=CCI.CF,. The. acid, b.p..722,is extremely strong, 
fuming in air, stable in aqueous solution and readily yielding salts. Its 
anhydride, (CF;.CO),0, is a valuable esterifying agent:*® 


alcohol + acid + (CF;.CO),0 -» ester + 2CF,COOH 


Perfluorobenzoic acid, C.FsCOOH, m.p. 106=7°, has been prepared by re- 
fluxing perfluorotoluene with excess of concentrated sulphuric acid for one 
week, with vigorous stirring:*? C.F,.CF,; —> C,F,;COOH. 

Several of the perfluorodibasic acids are known. Perfluorosuccinic acid, 
(CF,COOH), m.p. 86+4=87-4°C., b.p. 150°C./15mm., was obtained by perman- 
ganate oxidation of either 1,2-dichloro-3,3,4,4-tetrafluorocyclobutene or per- 
fluorocyclobutene®® Similar procedures have been used to obtain perfluoro- 


glutaric acid and perfluoroadipic acid starting from perchlorocyclopentadiene 
and perchlorobenzene respectively:®9 
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aC ON reas G5 
fa CCl SbFs F.C / KMnO, gait CF ,.COOH 


(AC mia 2 
MECIECCI \cF=-Cc! “CF,.COOH 
Single aes 
Z CR, CCl F,C.CF,.COOH 


. eo ge 2 e e e e e 
The two acids are white crystalline solids, existing as dihydrates. Their 
chemical reactions are normal, and esters, amides and nitriles can be prepared 
from them by ordinary reactions.* 


CARBONYL FLUORIDE (FLUOROPHOSGENE) COF, 


Humiston in 1919°° attempted to prepare carbonyl fluoride by passing car- 
bonyl chloride and fluorine over heated calcium fluoride in a glass tube; 
condensation of the product indicated an apparent b.p. of -42°, from which it 
appears that the substance was carbonyl chlorofluoride, COCIF, later prepared 
by Emeléus and Wood” by the action of antimony pentafluoride on carbonyl 
chloride and shown to have b.p. -45-0+0-2°C. Carbonyl chlorofluoride has 
also been obtained®? from carbonyl chloride and AsF,, although this reaction 
does give substantial amounts of carbonyl fluoride. Ruff and his co-workers,”* 
observing that the interaction of carbon monoxide with fluorine gave only 
impure products, obtained carbonyl fluoride from silver difluoride and carbon 
monoxide; CO+2AgF, — COF,+2AgF. They report m.p. ~114+0+3%., b.p. 
~83-1+0-5%., d=1-809-0-00420T, heat of evaporation 3842 g.-cal./mole, 
and Trouton’s constant 20-3, Carbonyl fluoride has also been observed as a 
product of the arc discharge in a mixture of CF, and CO” and as a by-product 
in the fluorination of acetone;*”?” it is formed by passing dichlorodifluoro- 
methane”® over heated tungsten dioxide at 525°, and by the action of iodine on 
sodium trifluoroacetate where it appears as a minor constituent of the decoms. 
position products.*” It does not seem to be formed®® from carbonyl! chloride 
and anhydrous hydrofluoric acid, but has been obtained in substantial yield?* 
from carbonyl chloride reacting with slight excess of antimony trifluoride in 
the presence of a little antimony pentafluoride in an autoclave at 200-280. 
for 12 hours. 

The equilibrium CO+F, = COF, has- been studied, and the reaction has 
been shown to proceed to the left at high temperatures;*’ the effect of catalysts 
at 300-1200°C, led to the conclusion*™® that COF, has a negative heat of de- 
composition of “26 g.-cal. 

The heat of formation has been given*™ as:- 

F, + C (diamond) + “40, = COF, + 142 + lkg.-cal., 
or 
PetiGOi COP, + 115. kov-cal.; 
later the same authors*® gave 150°35+0*5kg.-cal. for the first of these heats 
of formation. The infra-red and Raman spectra have been plotted*® with the 
following results:- 
Infra-red bands 4120v.w. 3882w. 3696v. Ww. 3403v. W. 3163v. w. 2887w. 2682v.w. 
(gas) cm, -2472w. 1941"v.s. 1249v.s. 965"s, 775"s.  626°m.s. 584°ms. 
Raman lines 
(liquid) cm.* 1944v.w. 1909m. 1238v.w. 965s. 77lv.w. 620m. 571w. 


Ps vale : 
fundamental vibrations. 
V.S.=very strong; s.=strong; m. =moderate; w. = weak. 
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These results indicate a planar model similar to that of COCI, and COH,. 
Nielsent®* has studied the rotational fine structure of the 775 cm” band. 


PERFLUORINATED NITROGEN COMPOUNDS 


Numerous perfluorinated amines are known!0%'0e to ether with a few re- 
presentatives of the perfluorinated heterocyclic series; e chemically they 
are very inert, and even when the nitrogen also carries a fluorine atom (as in 
perfluorodimethylamine) they are stable to aqueous alkali. The majority of 
the compounds of this series are prepared by direct fluorination of the dry 
amine, or by the use of cobalt trifluoride. Some of their properties are shown 
in Table XIV. 


TABLE XIV.~- SOME PERFLUORO AMINES 


Name: Perfluoro bps nis d3s 


(CF;),N -trimethylamine -7 to -6 

(CF3).C,F5N ~dimethylethylamine 20-22 

CF,(C,F;).N -methyldiethylamine 45-5=46-5 

(C,F)3N ~triethylamine 10°3 1-262 1-736 
COR) iu | -tripropylamine 129°9 1.279 | 1-822 

(C3F,)(isoC,Fs)N | —dipropylis obutylamine 146.8 1.283/ 5° 1-84/ 1° 

(CyF'o)3N -tributylamine 179-3 1.291 1-873 

(CF,),NF -dimethylamine =37 

CF3NF, -methylamine =-15 

CsFioNF ~piperidine +49 

(CF;),.CsF,NF ~2,6-dimethylpiperidine m.p.94=5 

C.FNF, -cyclohexylamine 


+76 


Trichloroacetonitrile heated with hydrochloric acid under pressure yields 
2,4,6-tris(trichloromethy])-1,3,5-triazine which can be fluorinated by anhydrous 
hydrofluoric acid in the presence of antimony pentachloride,**’ giving seven 
intermediate stages up to complete perfluorination. The properties of the 
compounds are shown in Table XV, 


TABLE XV.- FULLY CHLORO/FLUORINATED 1,3,5-TRIMETHYLTRIAZINES 


Formula en oe 
(748 mm.) 


C,N;F 983-985 | 13231 | 1.5857 
C,.N,RCl 119-0-119.2 1.3540 | 1.6090 
C.N3F,Cl, | 145-1-145.3 1.3827 | 1.6234 


C.N3RCl, | 166-6-166-8 1.4129 | 1.6458 
C.N,ECl, | 194.2-194.4 1.4420 | 1.6656 
| C.NsFiCl, | 217-0-217.2 1.4611 | 1-6860 
| C.N,F3Cl, 248. 1=248.3 1.4920 1.7134 
C,.N3F,Cl, 274-5=274.7 1.5009 1.7400 
| CeN3Cl, = 


l 


Phosphorus*?° and arsenic react with trifluoroiodomethane to give the fol- 
lowing compounds:- 


Depew: bspezGs 
P(CF,), 17.3 As(CF;), 333 
P(GE,)s1° 73 As(CF,),I 14/54mm. 


P(CF;)I, 133/413mm. 


Refs. p. 215 


8 FLUOROCARBONS 215 
These substances lack the inert character of the perfluoro amines and the 
phosphorus compounds burn readily. 

The substance CSF, has been reported,*®® but a single carbon and sulphur 


are more likely to take up eight fluorine atoms to form CF,.SF, which may quite 


readily be prepared by the cobalt fluoride reaction on methyl] thiol, 
Choi OF 0. CRASH, + °4HE, 


or by the direct action of fluorine diluted with nitrogen on the same substance.’ 
The product, thiocarbonyl octafluoride, is a colourless gas, chemically inert 
but decomposed by sodium at a dull red heat. It has m.p. -86-9+0-2°C.; 
b.p. -20-4°C., and has a transition point at -153+0-3°C, It is a good electri- 
cal insulator in the gas phase but breaks down on sparking. The relative 
insulating values of air, dichlorodifluoromethane and thiocarbonyl octafluoride 
have been assessed’**? as 1:2:3. 

Several valuable reviews dealing with the perfluoro compounds have been 


compiled.*!"*?* 
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SECTION IX... 


SPHECTROSCOP Y.OF FLUORINE, HALOGEN FLUORIDES, 
HYDROGEN FLUORIDE AND FLUORINE OXIDES. 


By R. F. BARROW 


THE FLUORINE ATOM. 
OPTICAL SPECTRA 


A number of investigators have contributed to the analyses of the atomic 
spectra of fluorine. A list of the more important experimental work, roughly 
in order of increasing excitation, is given below, the investigations which 
have led to the determinations of ionization potential being indicated (I.P.). 


Reference Spectrum AA, A. Notes 
Gale i I 3470-7800 
Gale and Monk Z I 3400-7000 also F, bands 
Carragan a I 6239=7573 Zeeman effect 
Dingle 4 I 6239-7800 LF. 
Dingle 5 I 7654-8300 ih? 
Bowen 6 I-IV 419-958 
de Bruin 7 ru 3057-4447 1.P. 
Edlén 8 I-III 214-743 
950-960 eee 
2397-3 156 
Edlén 9 I 6047~9433 
Lidén 10 I 5500-6500 Stark effect 
Lidén 11 I ~ §538=—7110 
Dingle Zz, II 1700-8347 | ey 
Bowen 13: I-IV 125-620 Ries 
Dingle 14 Ill 2206-3268 LP. 
Edlén a5 IV,V 140-680 LP. 
2170-3176 
Edlén 16 © I~VII 86~1139 Summary of wave-lengths 
Edlén 16 IV-VI 2170=4593 analysis V,VI 
Edlén 17 V 119-1090 
2450~2704 : 
Edlén 18 VI, VII 86-1139 
Tyrén 19 VIII 13-17 
Flemberg 20 Viti 13=17 EP: 
Finkelnberg 21 IX ~ I.P. (extrapolated) 


The analyses of these spectra have been collected together by Moore,?? whose 
tables also include the results of a great deal of unpublished work by Edlén. 
Summaries of wave-lengths are given by Edlén,!®* in the Multiplet Tables of 
Princeton University”* for A>3000 a. and of Moore** for \<3000 A. 

Hyperfine structure in the spectrum of FI has been studied by Campbell?® 
who showed that the nuclear spin of F!® is 7(h/27). Other properties of the 
F*’ nucleus have been summarized by Meggers”® (see also page 53). 
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The ground state of the F atom has the configuration 1s? 2s? 2p§, ?P: the 
*P term is inverted, *P¥; lying 404-0cm:* above *Py. There are no very low- 
lying states: values for the lowest states, taken from Moore”? are as follows:- 


25°.2p'.38 ary 105057-10 cm?" 
*Ps 104731.-86 
‘Py 102841.20 
4D 102681.24 
‘Ps, 102406.50 
2s*,2p* *Py 404.0 
Py 0.0 


All the ionization potentials of F are known. The values below are from 
Moore”? with the exception of that for F IX which was derived by extrapola- 
tion.”* 


Initial state es Initial state 1ePs 

FePaesP 9) LEAD VaR TOS by BeUA Ee 
Pe. AP? 34.98 F VII Sy 185-139 

F Ill *Sy, 62-646 F VIII *S, 953-60 
SANG id Bake 87-23 EID Cag casita 1102 

Bey BAD 3 114.214 


The relations of the ionization potentials to those of other elements have been | 
considered.*”"** The total electronic binding energy, =(I.P.), is 2714-3 eV., 
which may be compared with the value 2690-6 ev. calculated by Duncanson 
and Coulson. *? 

The raies ultimes were studied by de la Roche.*? The M.I.T. tables** 
list the following lines:- 


Wave-length, A. 6902-46 6856-02 
Excitation potential, v. 14-5 14.4 © 


The CaF bands are also excited very readily in some sources.*® 

Apart from the work considered above, which is mainly experimental, there 
have been a number of studies of theoretical problems closely connected with 
the subject. of spectroscopy of the F atom. Wave-functions for the the ground 
state of FI have been calculated by Brown*® using the self-consistent 
field, and by Duncanson and Coulson,*’ who’derived analytical functions using 
the variation principle. Self-consistent field wave-functions for the ground 
state of the F~ ion have been calculated by Brown*® and by Hartree:* ana- 
lytical functions are also given by Morse, Young and Hauritz,*® some of 
whose work is, however, incorrect in detail.*” Wave-functions and energies 
of a number of states of highly ionized fluorine have been computed. Morse 
et al.*?considered F*4+, F5+, F&* and F7+; Wu and Shen*® derive the energies 
of a number of anomalous states in F5* and F*t; Goldberg and Clogston*! 
treat states of F®* and F7+. The subject of the calculation of atomic wave- 
functions is reviewed by Hartree.*” 

A calculation*? of the ground-state interval 7Py-?P in FI based on 
Brown’s wave-functions*® yields -189cm** as compared with the experimental 
value of -404cm:*. Araki** has given an interpretation of the intervals in 
certain multiplets in F II and other spectra in which the coupling is Russell- 
Saunders but where the intervals do not obey the Landé rule: the anomaly is 
shown to arise from spin-spin interaction. The calculated energies of various 
levels*® in p”.p and p%.d configurations*® for F I, F II and F III are in reason- 
able agreement with experiment. 

The absorption coefficient of atomic fluorine in the region of continuous 
absorption corresponding to the process F+ hv = F* + e™ for Av in the range 
13-6 to 24-6 x 10*cm* has been estimated.*’ 
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X-RAY SPECTRA 


Measurements of the Kg radiation have been made by a number of investi- 
gators.**"5%!9 Tyrén’s measurements’ are given below(A.): 


Source Ka, Kq’ Ka, Ka, 
NaF 18.318 18-268 18-219 18.190 
MeF, 18.324 18-274 18-233 18-198 
CaF, 18.325 18-269 18-225 18-196 
AIF, 18.303 19522500 PB 188 


The results for MgF, and CaF, are considered to be identical within the limits 
of experimental error, but the wave-lengths from NaF appear to be significantly 
lower. The effect of lattice bindiag on wave-lengths in the K series has also 
been considered by Sawada, Furuta and Kosugi.** 

The wave-length of the K-edge was found>* to be 17-914. A critical 
potential corresponding to the L-radiation at 195 A. was measured by Levi.*° 
Methods of estimating K, L and M levels for the lighter elements have been 
considered.*’ 

When monochromatic X-rays fall upon matter, there is scattered radiation 
not only of the same frequency as, but also of lower frequency than, that of 
the incident radiation: this is the Compton effect.*%*? If. the electrons re- 
sponsible for the scattering were at rest, the Compton modified line would lie 
at a single frequency, determined by the angle between incident and scattered 
radiation. However, if the electrons are in motion, there is a Doppler effect, 
related to their velocities. Thus the modified Compton line becomes a band 
whose profile results from the momentum distribution among the scattering 
electrons. The theoretical shape of the Compton profile has been calculated 
by Duncanson and Coulson,” who criticize earlier work.®? Tables of atomic 
scattering factors have been published. * 
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THE FLUORINE MOLECULE, F, 


The F, molecule shows no banded structure in absorption in the wave- 
length region so far examined. Continuous absorption at \<4100 A. was 
detected by Gale and Monk.* Quantitative studies? indicate that the absorp- 
tion maximum is near 2900 A., or according to Bodenstein et al.* 2820 4A, (see 
Fig. 1). 


xX von Wartenberg, Sprenger and Taylor 


© Bodenstein, Jockusch and Shing-Hou Chong 


25,000 30,000 35,000 40,000 45,000 
YY ci 


Fig. 1. 


The absence of low-lying excited states of F, is suggested by the failure of 
Nathans* to obtain absorption bands in the region 7000 to 9600A. The 
ultra-violet continuum arises from the transition Q*Il-X'*X,°"° transitions to 
Q3Il being unimportant, conclusions which are confirmed by calculations of 
the absolute intensity.””” In particular the trend of increasing intensity in 
the direction F, to I, in these continua is well reproduced in the calculated 
values. 

The lack of an accessible discrete electronic band-system involving the 
ground state of F, led to the difficult investigation of the Raman spectrum. 
Earlier attempts to observe the spectrum of the liquid failed,*® but both the 
vibrational and the rotational effects have now been observed in F, gas.”?° 
The former leads to AGY (the interval between v” =0 and v”=1) = 891-8, + 0°4 
cm.’: the latter gives Bj =0-8828 cm:': rj'=1.417, + 0-001 A., in good agree- 
ment with the less precise electron diffraction values (see page 49), The 
anharmpnic constant,x¢w¢is not known: comparison with the other diatomic 
halogens suggests that it is probably about 8cm%", giving we~908 cm’. 
The force constant, kf, is 4°45 x 105dyne.cm7?. 

Emission bands ascribed to F, were observed in the spectra of discharges 


through F, gas by Smythe*’ and analysed by Gale and Monk*?? and by Aars.*% 
The constants of the two states involved are: 


State A bs Ww 


e MeWe Te, A. 
ce x + 20900 977-4 140.6 1-475 (r9) 
ByII a 1139-8 9.7 1-282 
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The C'S state is extensively perturbed and the constants given for it are of 
less than their usual significance. The branch-lines are of alternating in- 
tensity. Gale and Monk found the ratio of intensities to be 23: Aars found 
values > 3. Doubtless the high values arise from the effects of perturbations. 
Andrychuk’® found 2°8 from the rotational Raman effect, in reasonable agree- 
ment with the value 3 expected for a nuclear spin of %.*47 He also showed 
that the *°F nucleus obeys Fermi statistics. 

The electronic states of F, have been the subject of theoretical work by 
Mulliken,** whose calculations of the overlap integrals in the ground state’® 
throw some light upon the unexpectedly large value of the internuclear distance 
and small value of the dissociation energy. Perturbation calculations on the 
electronic states starting from the separated atoms have also been made.’’ 
Excited states of F, have been treated by Mueller.*® 

A value for the dissociation energy of F, of 63 kg.-cal. was derived by von 
Wartenberg, Sprenger and Taylor’ from empitical arguments based on the posi- 
tion of the absorption maximum in Qt = X*25. Their arguments were severely 
criticised by Mulliken.*® No quantitative treatment of the distribution of 
intensity in this continuum has been offered, although rough calculations 
have been carried out,*” and it is not therefore possible to draw any conclu- 
sions about the value of Dp, from what is vet known about the spectrum of F, 
itself. The value De ~38 kg.-éal.mole™* has now been established: the 
values derived from cycles involving C]?°F and the alkali metal halides*™ are 
in good agreement with direct measurements.”*”* The bearing of the value of 
Dr, on temperatures in the H,-F, flame is considered by Altman and Farber.” 

‘Thermodynamic properties a F and of F, have been calculated from spectro- 
scopic data.”* There is an Pepa Pe eoenay of about 3-3 e.u. between 
the statistical value for SQ, of F, (gas) and that obtained calorimetrically.”® 
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HALOGEN FLUORIDES 


Information about the spectra of the halogen fluorides is for the most part 
of comparatively recent origin, and the newly-developed techniques of micro- 
wave spectroscopy have been applied most successfully to the elucidation of 
the structures of some of these molecules. 


DIATOMIC HALOGEN FLUORIDES 


Each of the diatomic fluorides, CIF, BrF and IF, possesses a band- 
system in the visible region of the spectrum which is thought to arise from 
the transition A*I],4- X'2*, X (or N) being the ground state. The CIF bands 
are known only in absorption;*? the system of BrF has been studied both in 
absorption®* and in emission in the Br,-F, flame;*° IF is known only from the 
emission spectrum of the I,-F, flame.*° The constants of these states are 
collected in Table II (see page 225). The upper states, A‘I1,4, are none of 
them very stable, and reliable convergence limits have been obtained for all 
three molecules. Predissociation below the convergence limit has been 
observed for CIF and BrF. Good values of the dissociation energies of these 
molecules can therefore be obtained provided that the atomic products of 
dissociation of the A states can be identified. Durie® suggests plausibly 
that the products are Cl,Br,I (*P1/) + F(*Py ), and the dissociation energies 
given in Table I are derived on this assumption. In the case of CIF, un- 
certainty about the products of dissociation of the state A%I1,+ is relatively 
unimportant, for the difference in energy of the only likely pairs of products, 
Cl(*Pry) = F(7P3, ) and C1(?P3, ) + F(?P1/) is only 1:4 kg.-cal. Thus the main 
source of error “in the determination o Dz, through the CIF cycle seems to 
reside in the determination of the heat of formation of CIF gas.’ 


TABLE I.- CONVERGENCE LIMITS AND ENERGIES OF DISSOCIATION 


Excitation | DY. kg.-cal. 
energy, kg.-cal. 


Note: slightly different values of the limits have been given for CIF? and 
for BrF’.**4 


Comparison with other halogen halides, for example ICI, suggests that 
these molecules should possess a number of other band-systems in the visible 
and ultra-violet regions of the spectrum. Hitherto only one further system, 
of very weak absorption bands of BrF lying in the region 17500 to 19000 cm7, 
has been reported.‘ 

The Raman spectrum of CIF liquid® and the infra-red®® and micro-wave?® 
spectra of CIF gas have also been studied. The Raman spectrum at -120°C. 
excited by Hg 5460 A. showed a single unresolved line at 758cm7!: the Raman 
lines for CIF gas should lie at 773-9 (33CIF) and 766:6cmz? (2’CIF). Very 
precise values of the ground-state constants of CIF have been obtained from 
the infra-red? and micro-wave’°® studies. In the latter work, the transitions 
J1=-0 from v” = 0 and v” = 1 were identified for *8CIF and S7C\F, from which 
accurate values of the rotational constants were obtained. These constants 
were then used in the analysis of the fine structure of the 1-0 and 2-0 vibra- 
tion-rotation bands to derive the ground-state vibrational constants, The 
analysis of the hyperfine structure of the pure rotation spectrum Jed to the 
determination of the quadrupole coupling constants, and the dipole moment 
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was derived from observations of the Stark effect. This subject has been 
reviewed by Gordy,** Whiffen*? and Wilson.** | 

BrF has also been investigated in the micro-wave region.** The lines 
J1-0 for v” = 0 and v” =1 of ”BrF and **BrF were measured, and values of 
the rotational constants and of the quadrupole coupling constants derived. 
The dipole moment was derived from observations of the Stark effect. As 
in the case of CIF, the value of the internuclear distance derived from the 
analysis of the bands of the A-X system is in satisfactory agreement with 
the more precise micro-wave value. 


TABLE II.- SPECTROSCOPIC CONSTANTS FOR THE 
DIATOMIC HALOGEN FLUORIDES 


BrF 


Upper state: A‘I1,, 


Voocm:* 
Ve, cm? 
G@e,cms? 

=} 
x ,@, CM: 
Tes A. 


Ground state: X1>* 


@e om.! 786:34 

a 778-82 ou : 
@ oi 6-23 

Xe e€ cm 6-11 3 6 
e 0.50699 o5scs dah oe 

Qt, cm." 5214x1073 14 _ 

5-177 1073 14 —_ 

re, A. 1.7556 14 | (1-90,) 

kos dyne/cm. 4.10x10° | 6 | 364x105} 6 

Do, kg.-cal./mole, 50°0, 45°65 : 6 
0°. 

ju, debye 1.29 14 as 


+1089.0 14 
+ 909-2 14 


eqQ, mc./sec. 


Notes: Upper states- 


(1) The upper state constants for all three molecules are subject to some 
uncertainty, for the values of v' do not appear to be established beyond 
doubt. 


(2) The values of Vo, We and of xg, refer to °2ClF and to the mean molecule 
7981Bre: IF is of course isotopicaily pure. 


(3) The vibrational levels in all three upper states converge more rapidly than 
can be represented by terms in We and xew, only. 


Ground states- 


(4) When two figures are given, e.g. for B., We, the upper one refers to the 
lighter isotopic molecule, the lower to the heavier. 


(5) The values for IF in parentheses have been estimated, using the additivity 
of covalent radii, and including an electronegativity correction.**® 


General- 


(6) Slightly different values for some of the constants are given for ClF? and 
for BrF.34 
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POLYATOMIC HALOGEN FLUORIDES 
ss, has been reported 
Spectroscopic work, of varying degrees of completeness, 
for ae following polyatomic halogen fluorides: CIF;, BrF;, BrFs, IF, and IF,. 
CHLORINE TRIFLUORIDE 


The absorption spectrum of gaseous CIF, has been studied in the region 
2000 to 8000 A.2%48 (See Fig. 2). 


Loe ae Ge mere 


Fig. 2. 


Absorption begins at about 4700 A., and slowly increases with decreasing 
wave-length until about 2600 A., when the rate of increase becomes more rapid. 
Neither maxima nor banded structure appear at A> 2200 A. 

The Raman spectrum of liquid CIF,'»?° proves to be more complex than was 
expected on the basis of presumed pyramidal or planar structures: there 
appear to be at least five Raman-active frequencies.**° Similarly, no clear-cut 
results have yet emerged from the study of the infra-red spectrum of CIF, gas.° 
Suggested explanations of the anomalous Raman effect were: (i) that the 
molecule was less symmetrical than was supposed, (ii) that there is associa- 
tion in the liquid state. That (i), at least, is certainly true has now been 
shown by a determination by X-rays of the structure of crystalline CIF, at 
-120°C.* and by the analysis of the spectrum of CIF, gas in the micro-wave 
region.” The micro-wave spectrum is both weak and complex, and the first 
attempts at analysis failed. However the discovery that CIF, forms a mole- 
cular crystal, the CIF, molecules having the shape of a distorted T, provided 
the key to the analysis of the micro-wave spectrum which amply confirms the 
X-ray results. The molecule is planar, with a C,,, axis, and in the gas phase 
the dimensions are shown in Fig. 3 (see page 227). There is a unique Cl-F 
bond in CIF, 

What appear to be somewhat premature calculations of the thermodynamic 
properties of gaseous CIF, have been made:'¥** this work has been criticised* 
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on the grounds that it is based on an incorrect assignment of fundamental 
frequencies. The correct vibrational structure of CIF, has yet to be deter- 
mined. 


Big. 3. 


BROMINE TRIFLUORIDE 


Qualitative observations on the absorption spectrum of BrF, gas in the 
ultra-violet region have been made.** Continuous absorption was first detected 
at \<2800 A, (See also page 159), 


BROMINE PENTAFLUORIDE 


The infra-red spectrum of BrF; gas and the Raman spectrum of the liquid 
have been studied.?%?”? From a consideration of the number of Raman-active 
and infra-red-active frequencies and of the polarization characteristics of the 
Raman lines it is concluded that the structure is that of a tetragonal pyramid 
(Cav); with four fluorine atoms at the corners of the square base and the bro- 
mine and odd fluorine atoms on the four-fold axis normal to the base as shown 
in Fig. 4. 


Fig. 4. 


This structure is confirmed by the nuclear magnetic shielding experiments of 
Gutowsky and Hoffmann”® which further indicate non-equivalent electron dis- 
tributions in the structurally distinguishable bonds. A treatment of the force 
constants, and calculations of thermodynamic properties of gaseous BrF,, fol- 
lowing plausible assumptions about the molecular dimensions, have also been 
made.?’ 


IODINE PENTAFLUORIDE 


Qualitative observations on the absorption spectrum of IF, gas in the 
ultra-violet region have been made.** Continuous absorption was first detec- 
ted at A<2300 4, 
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The infra-red spectrum of IF; gas and the Raman spectrum of the liquid © 


have been studied.22 The results indicate that the structure is that of a 


tetragonal pyramid (C,,,) like that of BrF, shown in Fig. 4, and, as for BrF,, 


e ° ° ° ° ° 28 
this structure is confirmed by studies of nuclear magnetic shielding. (See 


page 175).). 


IODINE HEPTAFLUORIDE 


- The infra-red spectrum of IF, gas and the Raman spectrum of the liquid have 
been studied.22 The structure of the molecule appears to be that of a penta- 


gonal bipyramid (D;,), as shown in Fig. 5. 


Bigs: 


The iodine atom lies at the centre of a regular pentagon formed by five fluorine 
atoms and the two remaining fluorine atoms are equally spaced above and 
below the plane on the five-fold axis passing through the iodine atom. (See 


also page 179).). 
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HYDROGEN FLUORIDE 
INFRARED SPECTRA 


Studies of the gaseous hydrogen halides played a most important part in }| 
the development of the spectroscopy of diatomic molecules in the decade | 
1920-30.! The lines J 2-1, 4-3, 5-4 in the rotation spectrum of HF were: 
observed by Czerny? at 82-56, 163°44 and 204-94 cm." respectively. The — 
fundamental vibration-rotation band of HF at 3963 cm.* was resolved by Imes** — 
and the first overtone at 7751cm:! was observed by Shaefer and Thomas.* The 
3,0 and 4,0 bands were analysed by Kirkpatrick and Salant.® The 2,0, 3,0 
and 4,0 bands of HF have since been examined under high dispersion by Naudé © 
and Verleger,’ and the 1,0 and 2,0 bands of HF and of DF by Telley, Kaylor 
and Neilsen,® who derive the following constants, taking into account the 
the measurements of Kirkpatrick and Salant. 


HF: G,, = 4138°52,u = 90°06,u? + 0-980u* = 0-025u*. 
DF: Gy = 3000-35 ,u - 47°33_u? + 0-373u = 0:006,u*. 
HF: By = 20-939, - 0°770,u + 0-005,u; D_ = 0-002,. 
DF: B, = 11-004, - 0+293,u + 0-001,u? De = 0-0006,. 


(In these equations, u is written for v + 4: the 
constants are in cm%°.) 


Fees) b/ Own. 


The results of the last three investigations®* are in reasonable agreement, © 
but the differences are such that too much weight should not be attached to — 
the absolute values of coefficients of the higher powers of u. 

As the pressure of hydrogen fluoride vapour is increased, bands ascribed 
to the effects of association appear on the long wave-length side of the mono- 
mer fundamental. Shelton and Nielsen*® find three distinct polymer bands at 
3228, 3380 and 3497 cm7*. The intensity of these bands varies steeply with © 
the temperature: thus especially the 3380 and 3497 bands are considerably 
stronger at 52° than at 62°C. It is concluded that the polymers are few in 
number but that they absorb intensely. The suggestion is made that the three 
types of polymer band are associated with the three possible positions of a 
bond in a zig-zag chain polymer, thus:- 


Pe eS ae eee eet 


The infra-red spectrum of liquid or dissolved hydrogen fluoride differs 
from that of the gas and no rotational structure is observed.® The position 
of the 3,0 band in liquid hydrogen fluoride at the boiling-point is shifted about 
1320 cm:* to lower frequencies than in the gas.‘ In CCl, solution, the funda- 
mental appears at 3860 as compared with 3963 cm%* in the gas: the polymer 
bands are however absent.” Aqueous solutions of hydrogen fluoride give a 
band at 5-46u not given by water alone, but so do a number of other acids, and 
the band is not characteristic of hydrogen fluoride.’ The 9722 A. band of 
water is unaffected by the presence of up to 50% hydrogen fluoride.*? An 


attempt to observe the Raman spectrum of a 40% aqueous solution of hydrogen 
fluoride failed because of a fluorescence.’ 


8 


ULTRA*VIOLET SPECTRUM 


Absorption first reported* in hydrogen fluoride in the region 1950 to 3200 A. 
was later shown to arise from sulphur dioxide present as an impurity.‘5 Ab- 
Sorption in the pure gas begins at about 1650 A. at room temperature,*®” but 
as the temperature is raised the absorption shifts to longer wave-lengths, and 
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spectra measured at 100° and at 165°C. (Fig. 6) show maxima at about 62000 
cm:' (1615 A.). 


50,000 60,000 70,000 


Fig. 6. : \ 


The interpretation of these results is not yet clear. No banded absorption 
kas been observed down to 1500 A., the limit of the present observations. 


Liquid hydrogen fluoride has been found to be transparent at least down to 
2200 A. 


THEORY AND INTERPRETATION 


Interpretations, made before the advent of wave-mechanics, of the infra-red 
spectra of HF have been given’*** The calculation of molecular constants 
from the spectral data, using wave-mechanical formulae, was done for HF by 
Czerny.”* 

The intensities of overtone bands of HF has been calculated, using a 
Morse potential function, by Rosenthal?® who derives the following values of 
the ratios of the integrated absorption coefficients a(v,0)/a(1,0), 0-021, 0.0009, 
0.00006 for v'= 2,3 and 4 respectively. (The Morse function gives the poten- 
tial energy, U(r), of a diatomic molecule in terms of two constants, D, the 
energy of dissociation, and = 1-218 x 107? we(ua/D)%cm2", where we is the 
vibration frequency and pia is the reduced mass in atomic weight units. The 


function may be written U(r) = D{ ie r-re)}2 Real molecules often follow 
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the Morse potential quite closely, and it is convenient to use: thus the wave- 


. 1 38240 
equation is capable of exact solution for a Morse potential. ) 


Electron configurations in the states of HF have been considered in detail 
The predicted value*’ for the ‘vertical’ ionization potential — 


by Mulliken.?%78 
(i.e. for ionization accomplished without change of internuclear distance) for 


o7 74, + —> 07 73, 7 is 18-23 eV. Mulliken has also calculated” the dipole — 


Bae iwt+. y Tosa’, Wee, Je | 1 e.e . 
strength of the N + Q(o77"%, > —> of@?o'; *T,*ID) transition... No com 


parison with experimental values*®*” appears yet to have been made. The 
bond-moment in HF has been estimated by an tonic-covalent resonance treat- 
ment.?? Hulbert and Hirschfelder*® have calculated the potential curve for HF 
from experimental values of W,,X%eWe, Be, % and of Dur, Other potential 
functions have been tested by Davies.** The force-constant of HF has been 
considered in relation to those of similar bonds and to other bond-proper- 
ties. 
pressure combustion chambers, has: been considered by Penner.*® Thermo- 
dynamic properties of gaseous HF have been calculated from the spectroscopic 
data.*” 

The dissociation energy of HF has not been determined with any accuracy 
from the study of its spectrum alone: it is best found from the heat of formation 
of HF and the values of Dp, and of Dy). | 
Dp, = 19, Dy (298°K.) = 135+, kg.-cal./mole. 


The question of the emissivity of gaseous HF, for example in high- 


With OAHF) = -64-2, 4Dy, = 52-1, 
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THE HF’ ION 


Although band-systems of HCl* and HBr* are well-known, no system has 
yet been certainly attributed to the HF* molecule. Woods in the course of 
experiments on CuF observed a many-line spectrum in the ultra-violet region 
which she tentatively ascribed to HF*, What appears to be the same system 
was excited by Caunt and Barrow’ in a hot hollow-cathode discharge containing 
KF or KHF, running in H, They analysed five bands of a v’= constant pro- 
gression: the molecular constants derived were such that the emitter could 
hardly be other than the hydride of an element in the first period of the periodic 
classification. The structure of the bands suggested that the transition is 
tY-'S, which would rule out HF*t; however, if spin-doubling effects were 
small, the system could be 72 =7% of HF*, 
: That the states of HF* are unlike those of HCl+ and HBr* follows from the 
fact that the ionization potential of F is greater than that of H, whereas those 
of Cl and Br are less. There may well be yet undiscovered bands of HF* in 
the red region of the spectrum.° 


> 
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THE FHF ION 


Spectroscopic studies of crystalline KHF, have been of importance in 
determining the structure of the FHF ion. The absorption spectrum of single 
crystals in the infra-red was first examined by Buswell, Maycock and Rode- 
bush.? More detailed work on KHF, and KDF, in absorption and in reflection 
was carried out by Ketelaar.%* He showed that the bands obtained were truly 
to be associated with FHF’, for the spectrum of KHF, is almost identical with 
that of RbHF, apart from a small shift to lower frequencies in the latter crys- 
tal. Moreover the spectrum of K(90%D, 10%H)F, is simply the sum of the 
spectra from FHF” and FDF™. However Ketelaar’s frequency assignments 
were criticised by Pitzer and Westrum** who concluded, on the basis of a 
detailed review of thermodynamic and spectroscopic evidence, that the poten- 
tial curve for the proton in the ion possesses only a single minimum. This 
conclusion has been confirmed by studies of the reflection spectrum of oriented 
single crystals measured in polarized light at room temperatures:® similar 
results but with improved resolution were obtained at -185°C. by Newman and 
Badger,’ who list some 27 bands in the region 740 to 7326cm<* The values 
of the fundamental frequencies, cm*’, are:® 


reflection absorption 
V, 1245 1222 (movement of proton 
vi 1250 perpendicular to the 
F-F line) 
V; 1510 1450 (movement of proton 


along F =F line) 

For KDF,, v, = 891, v, = 1046cm?" (absorption). 

The infra-red inactive frequency v,, corresponding to the symmetrical F=F 
vibration, has been found doubled at 595 and 604cm:* in the Raman spectrum 
of crystalline KHF,.°* 

Confirmation that the structure of the FHF” ion in crystalline KHF, is 
linear, with the proton half-way between the fluorines, has been obtained 
from neutron diffraction studies,!%! 

No Raman effect was observed in concentrated aqueous solutions of KHF,2? 
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OXIDES OF FLUORINE 
FLUORINE MONOXIDE, F,0 


The absorption spectrum of F,O in the region 2100 to 8000 A. has been 
studied by Glissman and Schumacher.* They found continuous absorption, 
beginning at about 5400 A., with maxima at 4210, 3580, 2940 4., and at some 
undetermined wave-length less than 21004. (see Fig. 7). The compound 

gives fluorine and oxygen on photolysis. 
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Fig. 7. 


The vibration-rotation spectrum was first studied by Hettner, Pohlman and 
Schumacher,? who showed that the structure was that of an isosceles triangle 
with apex angle about 101°. However their assignment of fundamental frequen- 
cies was incorrect.#* This spectrum has since been examined by Bernstein 
and Powling® and by Jones, Kirby-Smith, Woltz and Nielsen,° whose results are 
in quite close agreement.’ All three fundamentals have been both observed 
and identified. From the fine structure of a perpendicular band, Bernstein and 
Powling derive r(F =O) = 1-38 + 0-03 A., ZFOF = 101-5 + 1-5°, in satisfactory 
agreement with electron diffraction values (see page 191). 

The relation between bond-distance and stretching force-constant has been 
considered by Gordy.® The potential function for F,0 has been considered by 
Duchesne and Burnelle® and by Linnett and Heath.*®° The latter conclude that 
repulsion between the fludrine atoms is significant and accounts for the major 
part of the deviation from the simple valency (or orbital) force field (for an 
account of the simple valency force field see, for example, Herzberg**), Ther- 
modynamic properties of F,O from 298 to 1500°K. have been calculated by 
Potter.t? The probability of excitation of vibration and rotation of an ideal- 
ized F,O molecule by a neon atom has been the subject of a quantum-mechani- 
cal calculation by Aroeste.*® 
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FLUORINE DIOXIDE, F,0, 


The absorption spectrum of F,0, has been examined in the region 2000 to 
10000 A. by Brodersen, Frisch and Schumacher.** Absorption was first detected 
at about 5900 A. The extinction coefficient increases with decreasing wave- 
length, the maximum lying at some undetermined wave-length less than 2200 a. 


(See Fig. 7). 
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SECTION X. 


THE DETECTION AND ANALYTICAL DETERMINATION 
OF FLUORINE AND FLUORIDES. 


By F.P. JOHNSON 


DETECTION OF FREE FLUORINE 


Free fluorine may be detected by its reaction with starch-iodide papers. 
The reaction is not specific, and should be supplemented by absorption in 
sodium hydroxide solution which is tested for fluoride ion. 


DETECTION OF FLUORIDES 


Alkali fluoride solutions give a precipitate of cerium fluoride CeF, with 
cerium nitrate in acetic acid solution.* Precipitates are also given by 
fluorides with lanthanum acetate? and with mercuric nitrate in nitric acid © 
solution.* The test using the evolution of silicon tetrafluoride on warming 
with sulphuric acid and quartz sand may be made more sensitive by treating 
the silicic acid formed in the test with a drop of a nitric acid solution of 
ammonium molybdate, followed by the addition of an acetic acid solution of 
benzidine and a saturated solution of sodium acetate. A blue colour develops 
even when the amount of silica produced from the volatilised silicon tetra- 
fluoride is as little as 0-0001 mg.* The red-violet colour of a solution of 
zirconium chloride in hydrochloric acid mixed with sodium alfzarin sulphonate 
changes to yellow in the ets of fluorides because zirconium forms 
colourless complex anions (ZrF,) ; as little as 0-001 mg. of fluorine may 
thus be detected? The brown insoluble zirconium compound, formed from zir- 
conium salts and p-dimethylaminoazobenzenearsonic acid, reacts, with fluo- 
tides to produce the colourless ZnF,~ ion and the free acid whieh is red 
in colour. This reaction may be carried out on impregnated papers.° Fluoride 
ions decrease the fluorescence given by morin with aluminium.’ The yellow 
colour given by titanium compounds with hydrogen peroxide is bleached by 
fluorine ions through the formation of colourless H,TiF,.*° A transient green 
flame coloration in obtained from a bead containing fluoride, potassium 
bisulphate and borosilicate, because of the production of volatile boron 
trifluoride. ° 


ANALYSIS OF FLUORINE GAS AND 
‘ACTIVE’ FLUORINE COMPOUNDS 


Fluorine may be determined by shaking with mercury in a special gas 
burette, the residual gases being transferred to ordinary gas analysis ap- 
paratus for the determination of carbon dioxide, oxygen, and inert constitu- 
-ents.’°..A method more suitable for industrial control removes hydrogen 
fluoride from the fluorine by absorption in sodium fluoride; the fluorine is 
then passed over sodium chloride, and the gas evolved Js analysed for 
chlorine, oxygen and inert gases by standard procedures.** Fluorine in a 
‘mixture ‘of gases liberates bromine from heated sodium bromide, and the 
bromine may be determined colorimetrically.*? 
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‘Avaiiable’ fluorine in cobalt trifluoride may be determined by reaction 
with potassium iodide and titration of the liberated iodine with thiosulphate, 
or by reaction with excess of ferrous ammonium sulphate and back-titration 
with ceric sulphate.** Silver difluoride forms a eutectic mixture with 
silver iodide, which liberates iodine from acidulated potassium iodide. 
Alternatively silver difluoride may be reduced with hydrogen, the silver 
formed being weighed, and the liberated hydrogen fluoride determined by 
absorption in sodium hydroxide." 


DETERMINATION OF FLUORIDE 
(a) GRAVIMETRICALLY 


Several modifications have been suggested in the precipitation of calcium 
fluoride in the well known gravimetric method for the determination of fluorine, 
to facilitate filtration. Powdered calcium sulphate dihydrate, CaSO,,2H,O, 
may be used as precipitant, the increase in weight of the ignited mixed 
precipitate being determined after treatment with sulphuric acid.” Usually 
the calcium fluoride is precipitated together with calcium carbonate which is 
leached out with acetic acid prior to weighing. By using a membrane filter*® 
or by precipitating in presence of a little ammonia*‘ the co-precipitation with 
calcium carbonate may be avoided. Alternatively the calcium fluoride may 
be obtained in a readily filterable form by precipitation with calcium chloride 
in the presence of gelatin solution.*® 

Fluorides may be precipitated, with a solution of lead chloride, as lead 
chlorofluoride, PbCIF, which may be filtered and weighed.*? Rigid adherence 
to the proper conditions of precipitation is necessary. Triphenyltin fluoride 
is quantitatively precipitated from solutions of fluoride by triphenyltin 
chloride. Entrainment of excess reagent and washing difficulties in the 
presence of large amounts of foreign salts cause trouble with this method.”° 
Cther methods proposed are based on the precipitation of bismuth fluoride?! 
or [C,,H,(NH,),],,(HF),,HgF,, where C,,H,(NH,), is the benzidine molecule.”? 


(b) VOLUMETRICALLY 


Fluorine may be quantitatively separated as hydrofluosilicic acid, 
H,SiF,, by distilling with perchloric acid in a glass apparatus, water or 
steam being added to maintain the temperature at 135°during the distillation. 
The method is applicable to all fluorides soluble in perchloric acid, includ- 
ing materials such as cryolite, phosphate rock, fluorite, apatite etc. Some 
insoluble substances may require a preliminary fusion with sodium carbonate, 
while organic material such as foodstuffs must first be ashed in the presence 
of a fluorine fixative such as calcium oxide or magnesium oxide. The 
distillate is titrated with thorium nitrate solution using the coloured zircon- 
jum~alizarin complex as indicator.** In the original method the end point 
is indistinct, and it is greatly improved by using as indicator a solution of 
sodium alizarinsulphonate alone, which gives a pink colour with the excess 
thorium nitrate.** Interference by chloride, which distils over as hydrochloric 
acid, may be prevented by the addition of silver perchlorate to the distilling 
flask.*® In the titration of large amounts of fluorine, the precipitate of 
thorium fluoride makes the detection of the end point difficult, and the 
formation of this precipitate may be prevented by adding starch solution.?® 
After separating fluorine by distillation with perchloric acid, the distillate 
contains fluosilicate ions, and titration with thorium nitrate at pH 3, which 
is usual when using sodium alizarinsulphonate as indicator, may give low 
results. This error can be avoided by carrying out the titration at pH 5-3 
with gallocyanine as indicator.*” For the titration of very small amounts of 
fluoride, Solochrome Brilliant Blue BS?* or Chrome Azurol S?° are preferable 
as indicators. 
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As an alternative to weighing the precipitate of lead chlorofluoride, it is 
possible to dissolve the precipitate in nitric acid and to titrate the chloride 
by Volhard’s method.*® This volumetric method is more convenient than the 
gravimetric method, and usually gives more accurate results. A similar 
method utilizes the precipitation of lead bromofluoride when a known amount 
of potassium bromide, followed by lead acetate, is added to the fluoride 
solution. After filtration, the residual bromide in the filtrate is titrated, and 
hence the fluoride may be calculated.* 

The formation and precipitation of cryolite, Na,AlF,, when aluminium 
chloride is added to a solution of a fluoride containing excess of sodium 
chloride has been used in several volumetric methods for the determination 
of fluoride. The end point of the titration may be detected by the hydrolysis 
of the excess aluminium chloride causing the neutral solution being titrated 
to become acid to methyl-red.*? Alternatively, the excess aluminium at the 
end point may be detected by the formation of a red-violet lake with Erio- 
chromecyanine R** or by the appearance of a fluorescence with morin.** 
Similarly, fluorides may be titrated with an alcoholic solution of ferric chloride, 
using ammonium thiocyanate as indicator, because the iron tends to form the 
FeF, ion rather than undissociated FeCNS.** Other methods involve 
titration with cerous nitrate*® or yttrium nitrate?” detecting the end point by 
means of methyl-red or potentiometrically.** Alternatively, if a known amount 
of calcium acetate solution is used to precipitate calcium fluoride, the excess 
calcium may be titrated, giving a measure of the fluoride.*® 


(c) COLORIMETRICALLY 


Yellow solutions of pertitanic acid (prepared by adding hydrogen peroxide 
to solutions of titanium oxide in sulphuric acid) are bleached by fluoride 
ions owing to the formation of a colourless complex fluotitanate. This 
reaction may be used forthe colorimetric determination of fluoride in a variety 
of materials.*°s** Another widely used method utilizes the bleaching of the 
coloured zirconium=alizarin complex.** Several methods are based on the 
formation of the aluminium-fluorine complex using ammonium aurintricarb- 
oxylate#* haematoxylin** or Eriochromecyanin*® to determine the change in 
aluminium ion concentration, and hence the amount of fluorine. Similar 
methods based on the iron fluoride complex make use of thiocyanate,*® 
acetylacetone*”? ferron (7-iodo-8-hydroxyquinoline-5-sulphonic acid),** 5- 
sulphosalicylic acid,*® salicylic acid®® and sodium bromide.* 


(d) SPECTROSCOPICALLY 


For the spectroscopic determination of fluorine, use is made of the band 
at 5291 A. observed when compounds containing fluorine are placed with a 
calcium saltona graphite electrode and the arc or spark spectrum examined. ** 
The corresponding band at 5772 A. obtained with strontium and fluorine is 
equally sensitive.** Alternatively the fluorine spectrum may be obtained by 
high frequency excitation of a sample containing fluoride in a sealed evacua- 
ted tube.** 


ANALYSIS OF ANHYDROUS HYDROFLUORIC ACID. 


The principal determinations made on hydrofluoric acid are of total 
acidity, sulphur dioxide, sulphuric acid, hydrofluosilicic acid and water. 
Because of its volatility, sulphur dioxide is usually determined first, by 
addition of iodide-iodate mixture and back-titration with thiosulphate. Total 
acidity is determined by titration with standard caustic soda solution to the 
phenolphthalein end point. Sulphuric acid is similarly determined on another 
portion after removing hydrofluoric acid by evaporation. Silicon compounds 
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are determined by evaporating to dryness in the presence of potassium chloride 
and titrating the resulting potassium fluosilicate with potassium hydroxide. 
Alternatively the silicon may be determined colorimetrically as the yellow 
silicomolybdate, boric acid being used to prevent interference by fluoride. 
Water may be determined by means of the Fischer reagent.** *° 


ANALYSIS. OF ORGANIC COMPOUNDS 


In order to determine fluorine in organic compounds, it is necessary to 
convert the fluorine into an ionisable form, so that the fluoride may be deter- 
mined by the usual methods such as titration with thorium nitrate, or as lead 
chlorofluoride. Fusion with metallic sodium, or preferably metallic potassium, 
in an evacuated glass tube®%* or in a nickel bomb™ is of general application, 
whilst fusion with sodium peroxide may be used for decomposing most organic 
fluorine compounds.® Alternatively the organic compound may be decompos- 
ed by dissolving it in liquid ammonia, and treating the solution with sodium.” 
Organic fluorine compounds may be decomposed by mixing with calcium 
carbonate and burning in a stream of oxygen in a platinum tube; the fluorine 
is fixed as calcium fluoride which may be weighed after removing the excess 
calcium compounds.® Other methods of decomposition include passing the 
vapours from the fluorocompound over heated silica, when silicon tetrafluoride 
is formed which may be absorbed inwater or alkali; the fluorine is determined 
in the solution,®® °’ or it may be absorbed on alumina in a weighed tube.® 
By combustion in a platinum tube in a stream of oxygen saturated with water 
vapour, the fluorine in organic compounds is converted into hydrofluoric acid 
which may be titrated alkalimetrically after absorption in water.© 
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SECTION XI. 
BICLOGICAL PROPERTIES OF FLUORINE 
| By G.M. DYSON 


TRACE ELEMENTS 


Apart from the elements present in animal and vegetable systems in 
substantial proportions, viz., carbon, hydrogen, oxygen, nitrogen, sulphur, 
calcium and phosphorus, it was early recognized that small amounts of other 
elements - iron, magnesium, silicon, chlorine, sodium and potassium — are 
necessary*® for the growth of the organism. Since then it has been shown 
that yet other elements, notably iodine, fluorine, copper, manganese, boron, 
molybdenum, vanadium, zinc and cobalt in trace quantities are also essential 
bio-elements.*** It is a moot point whether tin, arsenic, selenium, silver 
and chromium have been proved to be essential, but there is no doubt of their 
presence in animal and vegetable matter,**** and it is highly probable that 
future experiment will show that other trace elements are necessary. 

During the past thirty years, attention has been focused on the part 
played by fluorine in animal and vegetable economy; Spiro*® in 1926 sum- 
marized the then extant knowledge of the biological role of fluorine as a 
‘trace element’; by 1936*°*? an extensive literature was already in existence, 
and the recognition that fluorine could accumulate in the animal system 
directed attention towards the occurrence of the element in foodstuffs (see 
page 6). A particularly useful paper”® discusses the probable daily 
intake of fluorine in ordinary diet, which in adults is assessed at 0-18~0-30 
mg. In infants up to four months the daily intake may rise as high as 0-46 
mg., and at twelve months to 1-123 mg. owing to the presence of homogenized 
bone in certain ‘formulae’ for infant feeding. Since the fluorine content of 
animal foodstuffs (milk, meat etc.) depends on that of the herbage on which 
the animal feeds, and thus vicariously on that of the soil on which the herbage 
is grown, the use of rock phosphate as a fertilizer influences the daily 
fluorine intake;** this is, however, held to have no serious biological effect. 
_ The subject of the biological functions of fluorine may conveniently be 
sub-divided thus:- . 

1, Preservative and Bactericidal Action. 
2. Effect on Vegetation. 
3. Effect on Insects. 
4, Effect on Enzymes. 
). Fluorine in the Human Animal System. 
a. Metabolism 
b. Acute Poisoning 
c. Chronic Poisoning 
d. Industrial Hazards 
e. Dental Effects. 


PRESERVATIVE AND BACTERICIDAL ACTION 


Under experimental conditions, fluoride ion has been shown to exert a 
bacteriostatic effect on a variety of organisms. The intimate relationship of 
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fluorine to dental caries has induced examination of the action of fluoride ion 
on Lactobacillus acidophilus, to which it is bacteriostatic at concentrations 
of 1: 2000 - 1: 4000 of sodium fluoride.** A bibliography of this activity is 
given by Bibby and v. Kesteren,”* and others have shown” that there was a 
progressive decrease in the number of children (63:5 to 47+3% in three years) 
with a high mouth-count of L.acidophilus in an area where the fluoride content 
of drinking water was brought up to 1 p.p.m., whereas in an adjacent area 
where the water was fluorine-free the count remained the same. 

Sodium fluoride has been shown to exert a pronounced cidal action towards 
the iiiycodermae found in olive pickling;7* various species of Mucor, Torula 
and Penicillium;** Aspergillus niger (in the growth of which the formation of 
citric acid was completely suppressed by 0-01 M-NaF);** Microthamnion 
Kiitzingianum(Naeg.), which is inhibited by concentrations of 0-001% of 
sodium fluoride;?”’ and certain yeasts.7® In the latter case, and with Pro- 
pionibacterium pentosaceum,””*° a substantial degree of tolerance can arise, 
and it has been suggested that this is due to the development of an alterna- 
tive enzymic route in the metabolism of the organism, which is not suscep- 
tible to fluoride inhibition. In similar fashion, the fermentation of sucrose 
and glucose by certain Streptococci,** by Escherichia coli**** and by B.pro- 
teus X19 is inhibited by fluorides. Fluorides are moderately effective in 
inhibiting the growth of Thiobacillus thio-oxidans,** and of Azotobacter** but 
show little activity against the spores of J. anthracis*® or the trematode 
Schistosoma Mansoni;*” on the other hand the parasite Trichomonas vaginalis 
is killed by dilutions of 1:1000 of sodium fluoride.** Fluorides have no 
effect on psittacosis virus, *® although they have a strong inhibitory action on 
the virus of foot-and-mouth disease (see page 244). 

Attempts have been made to utilise the bactericidal activity of hydro- 
fluoric acid and the fluorides; in the foodstuffs industry dilute hydrofluoric. 
acid is an excellent antiseptic wash for barrels, process vessels and equip- 
ment for fruit juices, but its poisonous nature precludes its use except in 
circumstances where it can be prevented with certainty ffom contaminating 
the foodstuffs.*° Fluorides appear to. have little value as preservatives for 
adhesives,” although 0-5% of sodium fluoride has proved satisfactory as a 
preservative in electrolytic recorder paper. *? 

Fluorides and silicofluorides have some preservative action on timber; 
paint containing 5% by weight of sodium fluoride, calculated on the pigment 
present, protects timber against attack by Coniophora cerebella.** Condi- 
tions for the penetration of different timbers have been determined;** the 
progress of penetration can be measured by observing the effect of sodium 
fluoride on the colour reaction between zirconium oxyfluoride and sodium 
alizarinmonosulphonate; in mine timbers the protection given by sodium 
fluoride is less satisfactory than that by zinc chloride (7-7 years against 
13-3 years; untreated control timbers having a useful life of 3-8 years).** 
The ease with which simple fluorides are leached from timber is important and 
is governed by the ability of the timber to fix the preservative rather than by 
its solubility in water. Thus, for timbers not exposed to rain, zinc chloride 
appears to be a better preservative than sodium fluoride; for timber exposed 
to weathering the reverse is true.*° Acid potassium fluoride, and the silico- 
fluorides of zinc and magnesium, have been found effective in protecting 
timber against boring insects.‘’ The great difficulty in assessing wood | 
preservatives lies in devising suitable accelerated service tests.** The 
subject has been reviewed.*%°® 

In the treatment of hides, complete disinfection was obtained®* with 
sodium acid fluoride, NaHF,, at 1: 10,000; and this has been confirmed by an 
examination of the effect of NaHF, on all the organisms (91 varieties) asso- 
ciated with hide and calf skin contamination.®** Moreover, the viruses of 
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vesicular stomatitis®? and foot-and-mouth disease™ are destroyed by sodium 

acid fluoride solution (1:10,000). In rubber plantation practice, treatment of 
the tree roots with sodium fluoride solution eliminates destruction from Kok- 
sagyz.” 

In yeast fermentation the use of about 1 part of sodium fluoride per 
100,000 of medium not only engenders a favourable pH, reducing the usual 
sharp increase in acidity, but also keeps down the growth of foreign organ- 
isms.°5** The tendency of sodium fluoride to inhibit the degradation of 
reserve plant materials is utilised in preparations to prolong the life of cut 
flowers;*”? and it has been shown that fluorides inhibit the auxin activity in 
plant growth.”® | 


PHYTOCHEMICAL ACTIVITY 


Most vegetation is susceptible to an atmosphere containing traces of 
fluorine or hydrofluoric acid; this is particularly true of Gladiolus*»® in 
which a concentration as low as 0-05 p.p.m. produces leaf-scorch simulating 
Botyritis blight. Atmospheric fluorine contamination can arise from the 
combustion of coal,®! from superphosphate plants and from aluminium reduc- 
tion plants;°*** in one instance vegetation collected 90 miles from such a 
plant showed 6-15 p.p.m. of fluorine and within a 20 mile radius the same 
species showed 30-1400 p.p.m., with leaf-scorch roughly proportional to the 
HF content. The abnormally high fluorine content of Tennessee forage is 
found to be due to atmospheric hydrogen fluoride and not to high soil fluor- 
ine.** Means of dealing with such fumes are described,°* and a sensitive 
and specific reagent for detecting hydrofluoric acid in air is a strip of paper 
dipped in haematin solution.°’ The fluorine compounds absorbed by trees 
from the atmosphere are retained in the bark;°* new shoots are fluorine free 
if the surrounding atmosphere is fluorine free and the fluorine content of such 
shoots is a valuable indication of contemporary contamination. Fluorine- 
smoke contamination of leaves may be detected by washing them with water 
in which the contaminant fluorine compounds dissolve leaving the normal 
fluorine content of the leaves untouched;°’ the presence of fluoride in wash- 
ings may be detected by inhibition of the acid phosphatases of shoot cuticle”® 
or by the isolation of sodium silicofluoride, Na,SiF,.7¥’? The use of sodium — 
fluoride as a defoliant, causing total leafdrop,’* and as a herbicide has been 
reported. ”* 

The toxicity to plants of silicofluorides appears to be greater than that of 
fluorides;’° for example, severe damage to greenhouse plants has arisen from 
the use of silicofluorides as wood preservatives.’’’ Despite claims™ that 
minute traces of hydrofluoric acid exert a beneficial effect on barley germina- 
tion, or are at least without positive action,” the consensus of opinion = as 
exemplified by the extensive work of Morse*® = is that the presence of soluble 
fluorides in soil up to 100 p.p.m. greatly diminishes, and that 400 p.p.m. 
completely inhibits, the germination of maize. The effect of ‘insoluble 
fluorides such as that of calcium is less pronounced.*** 

The widespread agricultural use of superphosphate made from phosphate 
_ rock rich in fluorine, some of which is retained by the finished product, has 
been studied in detail, There is no doubt that ground phosphate rock itself 
may contain sufficient available fluorine to be inimical to plants;®? on the 
other hand manufactured superphosphate has lost so much of its fluorine as to 
have no appreciable toxic effect on vegetation.°°™* 


EFFECT ON INSECTS 


Fluorides and silicofluorides are excellent insecticides and well-docu- 
mented reviews of this topic are available.°°*°? The toxicity of elementary 
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fluorine itself to insects generally is approximately equal to that of hydrogen 


cyanide. *® 


The fluorides and silicofluorides are comparable in insecticidal 


activity and their action against various organisms is shown in Table I. 


TABLE I.- INSECTICIDAL ACTIVITIES OF FLUORIDES AND SILICOFLUORIDES 


Crganism 


_|(Huropean cornborer) 


Calliptamus 
Italicus 
Hypera(Phytonomus) 
variabilis 
Rhynchitis auratus 
ferganensis 
Agrotis segetum 
Lymantria dispar 
Anthonomus eugenii 
(Cano) 
(Pepper weevil) — 


Cydia pomonella 
(Codling Moth) 


Merulius lacrymans 
(Dry rot) 
Epitrix parvula 
(Tobacco leaf beetle) 
Epitrix cucumeris 
(Potato flea beetle) 
Epitrix fuscula 
(Eggplant flea beetle) 
Epilachium corrupta 
(Mexican bean beetle) 
Trilobium confusum 
(Flour beetle) 
Cténocephalides canis 
Ctenocephalides felis 
Forficula auricularia 
(Earwig) 
Eomenacanthus 
stramineus 
(Poultry lice) 
Meniophon gallinae 
Gomocotes hologaster 
(Moths) 
Blatella germanica 
(Cockroach) 
Periplaneta americana 
(American roach) 
Formica exsectoides 
( Ants) 
Gryllotalpa vulgaris 
(Mole cricket) 
Culex pipiens 
(Mosquito larvae) 


Bovicola bovis 
(Cattle lice) 
Termes nemorosus 

(Termites) 


19 


Pyrausta nubilatis 


Substances used 


BaSik,, CaSikt, Na,Sif; 


Na, AIR, K,SiF., K,Alky, 
Basi, Na,Sikk, (NH,), 
AlR, NaF, Mnk, PbR, 


MgF, 
Basik,, NaF, Na,Sikj 


Na, AIR, K,AlR, BasikR 


Basikk, K,Sik,, cryolite 


znsik, 


Na,AlF, 
(Natural cryolite) 


NaF(10%) + inert dust 
NaF 
Nak 


Nak 


NaF, Na,Sik¢ 


NaF 


NaF, cryolite, Na,Sik, 


NaF 


NaF 
NaF, Na, Sik, 


Refer- 
ence 


109,110 


111 


114 
115 
116,124 


117 


118,119 


122,123 


isi 132 

135,136 

120,125 
121 


122 


126 


128 
130,134 


Activity 


All active; CaSiF, 
showed highest activity 
with least plant injury. 
Substances arranged in 
order of increasing 
toxicity. 


Except against C.Jtali- 
cus, all are Superior to 
calcium arsenate and 
lead arsenate. 


Killed more easily than 
calcium arsenate, but 
considerable plant 
injury. 

Toxicities lower than 
calcium arsenate on a 
w/w basis. 

Excellent activity. 


Specific poisons 2 to 


2-5 times as effective 
as magnesium arsenate. 


All showed similar high 
toxicity. 

Satisfactory control. 
Satisfactory control.. 
Useful mothproofing 
agent. 

Good controlling agent 
as. stomach, as well as 
contact, poison. 

Good control. 

75~80% kill. 

Gives an account of 
histopathological 
changes. 
Controls adequately. 


Controls adequately. 
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TABLE I (continued) 


Organism Substances used bene Activity 
Desmoris fulvus 129 Controls adequately 
D.constrictus 
(Sunflower seed 

weevils 

NaF 137 Comparable with 
. nicotine sulphate. 
NaF’ 133 Successful, but leaves 
toxic residues. 

Callosobruchus HF 139 HF from 2 0z. CaF per 

maculatus 1000 cu.ft. completely 

(Cowpea weevil) destroys. 

Thermobia domestica | NaF, Na,Sikg, BaSikg, 13S Arranged in order of 
Na,AlF, increasing toxicity. 
NaF, Na,Sikj, Mgsik, 113,127} All showed similar 
CaSiR, BaSikk, Al(SiF{),, toxicity. 


MnF) 
1 Describes the injection technique of assay. 


There is a considerable literature dealing with the persistence of fluorine 
compounds on fruit sprayed therewith against insect infestation. When 
fluorides or silicofluorides are dusted over apples, pears or similar hard 
fruits it appears that, even after some months have elapsed and the fruit is 
ripe, a considerable amount of fluorine-containing compounds remains on the 
surface. In view of the high toxicity of fluorine compounds, this has been 
the subject of much investigation. With fruits such as apples, much of the 
fluorine can be removed by washing with dilute hydrochloric acid, and this 
has become standard practice. Subsequent rinsing with water and drying are 
of course necessary. In the United States of America the official tolerance 
is 0-01 grain of fluorine per lb. of fruit and it has proved difficult in many 
cases to reduce the fluorine content of softer fruits to this-limit. For — 
example, whilst the washing of apples and pears with dilute hydrochloric 
acid is feasible, the similar washing of grapes, apricots or peaches is not. 
The use of silicofluoride dustings on grapes has led to fears that excessive 
amounts of fluorine would be found in the wine produced from them. This, 
apparently, is not true; during the process of vinification the fluoride is 
precipitated and the wine when ready for bottling contains no more fluorine 
than do control preparations from grapes not treated with fluoride-containing 
materials.““° The consensus of opinion is that sprays involving powdered © 
cryolite generally produce less toxic residues than those made from the 
fluorides or silicofluorides.“**"** Several useful general reviews on the sub- 
ject have been published’**"** and literature relating to specific crops is 
available on apples,'*°"°* oranges,*** squash’ and cabbage.**§ — Detailed 


methods have been worked out for the analytical determination of fluorine in 
insecticides of this type.*® 


EFFECT ON ENZYMES 


There is a very considerable volume of literature dealing with the inhibi- 
tory effects of fluorides or of fluoride ion on enzymes. It is beyond the 
scope of this volume to go into this matter in detail but some of the salient 
papers and their results are summarized in Table II. 
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TABLE IL - EFFECT OF FLUORIDES ON ENZYME SYSTEMS 


Inhibiting 
agents 


Organism Fnzyme system Effect | Reference 


Animal cells Nak Cytochrome oxidase system| ++ 180 
Animal tissue NaF Acetylphosphatase M/ 100-0 129 
M/50 + 
Avena & Pisum NaF Coleoptile growth ++ 167 
Basidiomycetes | NaF Acid phosphomonoesterase | +++ 181 
Blood NaF Clotting enzymes ++ 238 
Blood Nak Phosphatase 4 224, 232 
Codling moth NaF Respiratory enzymes 44+ LT 
Dog NaF Intestinal phosphatase +E 175 
Dog liver NaF Serum phosphatase 0 183 
Escherichia Coli | NaF Respiratory oxidation ee 166 
Guinea-pig NaF Intestinal phosphatase 4++4- 176 
| Human NaF Salivary amylase 0 192 
Human liver NaF Serum phosphatase 0 178 
| (damaged) 
Human lung NaF Amylase coe 218 
Kidney NaF Phosphorylase aaa 196,198, 201,231 
Kidney Deamination and 
Liver tissue NaF dephosphoryl ation + 174. 
Spleen enzymes 
Milk NaF' Peptic activity ++ 219,222,235 
Muscle NaF Dephosphorylase ap 200, 227,236 
Nicotiana virus NaF Enzymic accumulation 0 215 
Rabbit organic Acid phosphatase (blood) 0 169 
fluorine 
compounds 
Rat-kidney Nak Transamination enzymes ++ 209 
Rat-liver NaF Arginase aa 212 
Rat-liver Nak Ornithine citrulline -- 5 Ee 
system 
Ricinus NaF Lipase atl, ZLi2o0 
Rickettsiae | NaF Enzymic acceleration 0 215 
Sheep brain NaF Acid phosphatase a+ 168 
Soya bean F ion Phosphatase ae ae 221 
Soya bean NaF Urease 44+ 234, 239 
Yeast NaF Adaptive fermentation of +H 210,211 
galactose 
Yeast NaF Cell permeability + Ost Ts 
Yeast organic Fermentation 0 169 
fluorine 
compounds 
Yeast NaF Fermentation by ++ 184, 186, 228,237 
Yeast NaF Glycogen storage ane 225 
Yeast NaF Multiplication = 182 
Yeast NaF Respiration + 185, 189, 190, 194 
206,213, 220 
Yeast (top) NaF Respiration ~ 187,223 
99 KF Acetylcholinesterase ? 197 
”” Nar Apozymase + cozymase + 199,205 
oe Nak Cytochrome oxidase 0 193 
” NaF Glucosulphatase 4 226 
9 NaF Invertase 0 208 
” NaF Phosphatase (in vitro) op 188,195,229 
” NaF Phosphatase (in vitro) Ae 173 
(reactivation of) 
” NaF Succinodehydrogenase +++ 203 
9 F ion Takadiastase on ++ 204,207, 240 
glycerophosphates 
” NaF Takasulphatase +++ 202 


Note:- The symbols indicating ‘Effect’ have the usual 
meanings: 0 =no effect; + to +++ = varying degrees of 
inhibition; - or --= promotion. 
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FLUORINE IN THE RUMAN ANIMAL SYSTEM 


1. Metabolism. 
Since, as is shown above, fluorides have a pronounced effect on enzyme 


systems, mainly inhibitory, it is only to be expected that they would have a 
considerable effect on the course of animal metabolism. Apart from the fact 
that the fluorides are acute poisons in large doses, it has been shown that 
small doses of soluble fluorides have a profound effect on physiological 
metabolism. The necessity for fluorine in the animal diet is shown by 
nutrition experiments in which rats kept on a diet completely free from fluorine 
die in 48 days but can, when failing, be revived by adding small traces of 
fluoride to the diet.7*4 The effect of fluorine on the basal metabolic rate has 
been determined?*? and the general effect of fluorides on carbohydrate meta- 
bolism has been extensively studied,”***** including the effect in relation to 
the carbohydrate metabolism of yeast.” The influence of fluorine on organic © 
esterases has been examined,7*® as also has its influence on respiration.**°?* 
The effect of fluorides on the growth of the echinoderm egg,*** and on growth. 
generally ?5”*** shows in nearly every case that the main function of the ele- 
ment is to depress the rate of growth and in many cases to stop it completely. 
The effect of fluorine on reproduction*®**”* shows in general a tendency to 
induce abortion, and in most cases there is a demonstrable transfer of fluorine 
from the mother to the foetus. The effect of fluoride on nerve and brain func- 
tion is due to its action as a catalyst inhibitor;?”*?”’ the excretion of fluorine | 
has been studied,?”® and the deposition of fluorine in skin tissue and hair, 

where a condition of fluorine alopecia is recognized, has also been exa- 
mined.?” , 

There appears to be a relation’®® between the presence of fluorine in 
drinking water and the incidence of deafness in children; of 109,869 children 
examined 4.9% were found to be deaf in communities having no fluorine in 
their water supply, whereas only 2-8% suffered this disability in communities 
where the water contained traces of fluorine. The use of radioactive fluorine 
for the study of fluorine metabolism has been studied by Wills?®* and his re- 
sults, in general, confirm those obtained by more orthodox experimental — 
methods. **78* The general problem of fluorine in nutrition will be considered 
later (see page 251). Sodium fluoride has been used as an anti-coagulant 
for blood,****** in which connexion it appears to have about 1/20th of the 
activity of heparin. The influence of fluorides on blood pressure has also 
been carefully studied;**°?°* the effect of fluorides on heart function is very 
largely bound up with action on the dehydrogenase systems.79%°°? Another 
manifestation of the influence of fluorides on animal enzyme systems appears 
to be the inducing of hyperglycaemia on the injection of sub-lethal doses of 
fluorides; this may be counteracted with insulin.?% °° On the other hand 
the effect of prolonged ingestion of small quantities of fluoride on the thyroid 
system is obscure. °°” 3*8 

The influence of fluorides on cell metabolism is quite marked. Although 
the fluoride ion has little, if any, action on the oxygen consumption of the 
cells it markedly reduces anaerobic glucolysis. This is particularly shown 
with cancer cells.*“**7* Fluorine compounds, however, have not been shown 
to have any active influence on the growth of tumours.?”*3!_ The large num- 
ber of instances given above in which fluoride ion is shown to have some 
activity in animal metabolism arising from an interference with the enzyme 
systems has been turned to account in experimental therapeutics by using 
fluorides to counterbalance excessive activity of enzyme systems; one 
particular application which has been successfully pursued over a number of | 
years is in the treatment of hyperthyroidism, ****’ and exophthalmic goitre. 33% 


Attempts have also been made to use the antiseptic effect of fluoride solu- 
tions in the treatment of oral infections and wounds, °4%34! 
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2. Acute Poisoning. 

The terminology of this subject is somewhat obscure; the term ‘fluorine 
- poisoning’ is commonly used where the active agent is a fluoride or a silico- 
fluoride. It is clear that this term should be restricted to the poisoning 
observed with the element itself and that the poisoning observed with HF, 
fluorides or silicofluorides should be referred to as such. The literature on 
true fluorine poisoning is scanty; very little experimental work has been 
done on the activity of the element itself. An important contribution*** by 
Stokinger et al. indicates that three hours’ exposure to an atmosphere con- 
taining 200 p.p.m. of fluorine by volume is fatal to experimental animals and 
that an atmosphere with 100 p.p.m. gave an overall mortality of 60% withina 
fortnight.: The tolerated concentration of fluorine in the atmosphere appears 
to be about 7 parts per million and this is very much higher than the corres- 
ponding figure for hydrofluoric acid (1 p.p.m.). Murray and Wilson*** have 
given a documented survey of the potential hazards from elementary fluorine 
in this country, and the statement has been made by Machie and Evans**? that 
five years of intermittent exposure to concentrations of elementary fluorine, 
such as are harmful to experimental animals, was tolerated by a group of 
industrial workers without clinical evidence of damage and without injury to 
the blood visible on haematological examination. 

The hazards associated with hydrofluoric acid lie largely in its corrosive 
action in contact with the skin, which is dealt with below; there appears to 
be no record of the use of hydrofluoric acid in criminal poisoning. The sub- 
ject of acute fluoride poisoning by soluble fluorides has been reviewed.*** 
Although it has been said**® that an oral dose of 320 mg. per day of sodium 
fluoride over a period of five to six months is without toxic effect on man, 
there are nevertheless numerous instances**”**° of accidental poisoning with 
sodium fluoride or sodium silicofluoride. In one case a man took half a tea- 
spoonful of insect powder in mistake for a medicine and died 10 hours later. 
The material was essentially sodium silicofluoride and the dose could not 
have exceeded 2 grams. There are also examples of mass poisoning; in 
1943, 263 persons were accidentally poisoned with sodium fluoride, of whom 
47 died; in another instance in the same year 71 non-fatal cases of acute 
fluoride poisoning were observed following the deliberate addition of sodium 
fluoride to a chocolate pudding.**°*** The latter case is an example of 
criminal fluoride poisoning, and another similar instance has been recorded. **? 
Even among scientists, it does not appear to be generally recognized that 
sodium fluoride is an extremely toxic substance; this is reflected in the num- 
ber of accidental poisonings which have occurred, and it has been observed, 
for example, that during 1941 there were 56 cases of sodium fluoride poisoning 
in foodstuffs in the United States as against 22 cases of accidental arsenic 
poisoning by the same route.*** The antidote for sodium fluoride poisoning 
is the prompt administrstion of sodium nitrite****°’ which together with haemo- 
globin forms a non-toxic complex with the fluoride ion. 

Sedlmeyer has reviewed the subject of fluorine poisoning generally 
the acute toxicity of fluorine has been examined in fish,** goats,** 
pigs*** and frogs. * 


3. Chronic Poisoning. 

The subject of chronic fluorine poisoning, particularly from mineral 
sources, has been reviewed by McClure*®? and by Roholm.*** The general 
literature of chronic fluorine poisoning is so very extensive, amounting in all 
to some 500 contributions, that it cannot be fully reviewed here: a number of 
publications have however been noted*°*** as giving a survey of the more 
strictly chemical aspects of the subject. Endemic fluorine poisoning” ae 
common in various parts of India and in certain districts in the Argentine. 


358 and 


guinea 
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4. Industrial Hazards. 5 a 

The chief biological hazards to be encountered in the handling of fluorine 
and its derivatives are:- 

(a) The danger of poisoning arising from accidental escapes 
of fluorine or of hydrogen fluoride. 
(b) The extremely corrosive action of hydrogen fluoride either 
in its anhydrous form or in its concentrated aqueous solu- 
tions. 
(c) The danger of inhaling over long periods fumes containing 
small quantities of free or combined fluorine. 
The toxicity of fluorine and hydrogen fluoride has already been discussed. 
Several detailed accounts have been given of the sequelae to hydrofluoric 
acid burns; in general they resemble third degree burns by fire, but in addi- 
tion there is the specific toxic action of the fluoride ion and healing is 
usually extremely slow. In many cases the necrosis can reach the bone 
after which the healing may take several months.**”*°° The correct first-aid 
treatment appears to be washing rapidly with much slightly warm water and 
subsequent covering of the affected parts with a paste of magnesium oxide 
and glycerol.*°**°* Where severe burns over a large surface are experienced 
the injection of calcium gluconate or calcium levulinate is recommended to 
counteract the toxic action of the fluoride ion. Several publications dealing - 
with the prevention of accidents with concentrated hydrofluoric acid have 
appeared;*°**%* the essential features of such recommendations are, of course, 
those of ‘good housekeeping’ in the factory or laboratory, the provision of 
properly ventilated plant, the constant use of safety measures and protective 
clothing, and an intelligent appreciation of the dangers of the material. 

Chronic fluoride toxicosis may arise in a variety of ways. In certain 
cases the production of long-lasting industrial fogs (‘smog’) is the cause of 
serious, sometimes fatal, respiratory conditions. Analysis of such fogs 
frequently shows the presence of hydrogen fluoride in the droplets in signifi- 
cant quantities.°°°*°* Experiments on the absorption of irritant gases by 
rabbits showed that when an atmosphere containing 0-16-1-5 mg./l. of hydro- 
gen fluoride was inhaled for 1-5-3-5 hours, all the hydrogen fluoride was 
absorbed by the upper respiratory tract, which was therefore acting as a con- 
centrating or localizing mechanism;*** it has been shown that in the Maas- 
tal,*°° Luttich*®7*°° and Meuse Valley fog catastrophies*°™*!° there was, in 
addition to sulphur dioxide, a fairly high proportion of hydrogen fluoride in 
the droplets. 

The hydrogen fluoride in these fogs frequently arises from effluent gases 
from factories; of these the chief are superphosphate factories and magnesium 
and aluminium refining and production plants. The production of certain 
types of superphosphate from sulphuric acid and phosphate rock inevitably 
leads to the evolution of small quantities of hydrogen fluoride from the 
fluoride present in the rock; this under normal circumstances is vented to 
the upper atmosphere and dispersed by the wind, but when atmospheric condi- 
tions are suitable and fog is formed it is possible for hydrogen fluoride to be 
concentrated in the fog droplets and so to cause chronic toxicity. The 
examination of superphosphate works in this connexion has been reported*!**?® 
and numerous examples are cited where both plants and animals growing in 
the neighbourhood of superphosphate factories have been shown to have a 
very abnormally high fluorine content. Bees are particularly susceptible to 
factory waste gases containing hydrogen fluoride and several occasions are 
on record where mass killing of bees by these gases has occurred.*** Similar 
toxic properties have been observed with the fumes from aluminium and mag- 
nesium reduction plants; in this case, however, the control of fumes is not 
SO easy as in superphosphate manufacture where the materials are confined to 
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a closed system. It has been shown**® that the concentration of fluorine in 
the air of rooms where aluminium cells are operated may reach 8-10 mg. F 
per 10 cu.m. In a number of cases the examination of workmen from these 
rooms has shown abnormally high fluorine in the bones, teeth and excreta. *!**!9 
Similar results have been observed in the manufacture of magnesium‘*?”*”* and 
in the production of steel where sodium fluoride is used as a flux.*?? In in- 
dustries where cryolite is mined or ground, or where ground cryolite is used 
for large scale operations, a considerable amount of occupational fluorosis 
has been observed.*7**7® It has been stated by Machle and Kitzmiller that 
the lower limit of toxic concentrations of hydrogen fluoride in air lies between 
0-03 and 0-2025 mg. per litre. The lungs and liver are the organs most 
severely and constantly affected,*” but it has been shown that concentrations 
very much lower than this are inimical, as the fluorine is very largely stored 
in the body. The mechanism appears to be first, concentration in the upper 
respiratory tract, and then absorption into the rest of the systen with storing 
in bones and teeth as the final resting place. 


5. Dental. 

There have been some thousands of papers contributed to the chemical 
and medical press concerning the relation of fluorine in various forms and the 
hygiene of the teeth. It would not be appropriate to review the whole of this 
literature here but a selected list of references is given****”° in which atten- 
tion is drawn to summaries and well-documented reviews of the subject. In 
general it appears established that the entire absence of fluorine from the 
diet leads to the faulty formation of dentine in the teeth of growing mammals. 
On the other hand more than a certain limiting quantity (the consensus of 
opinion being that this should be approximately 1 part per million of the 
general intake of food and drink) leads to a condition of the teeth known as 
‘mottling’, and if this limit is seriously exceeded, to malformation of the 
teeth. In other words it appears to be established that the intake of fluorine 
should be controlled between very close limits. There is, naturally, some 
latitude of opinion as to the extent of these limits. From this observation 
has arisen the difficult problem of public hygiene as to whether it is expedient 
to add fluoride ion to public water supplies. It is clear that if the sole 
source of fluorine in the animal system were the drinking water, it would be 
safe to add fluorine in such a way that the concentration in this water ap- 
proached 1 p.p.m. or possibly slightly exceeded this figure; on the other 
hand various foodstuffs (see page 6) have been shown to contain varying 
quantities of fluorine, often largely in excess of the 1 p.p.m. recommended. 
It is therefore uncertain whether the addition of fluorine to the general supply 
of drinking water will raise the total intake of fluorine above the desired limit 
and into an undesirably high range, and this has been a much argued problem 
in public hygiene (see also page 7). 

In view of the very considerable importance of the estimation of small 
quantities of fluoride ion in biological materials*’*** special methods have 
been worked out for the routine examination of organs and animal tissues,*?**”® 
blood,*?? meat,*®® wheat and flour*”? and gelatine,°°° and a series of papers 
has been published on the histology of organs and teeth which contain fluorine 


in excess of normal amounts.°°°” 
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CHAPTER 2 
CHLORINE 
SECTION XII 


THE OCCURRENCE, PREPARATION AND 
MANUFACTURE OF CHLORINE. 


By W. W. SMITH 
THE OCCURRENCE OF CHLORINE. 


IN STARS AND NEBULA 


OVER the last few years, attention has been given to the determination of 
the spectra and chemical composition of nebulae and stars, and some informa- 
tion on the presence of chlorine in these bodies is available. Thus measure- 
ments have been made of the emission lines of the gaseous nebulae NGC 6572, 
7027, 7662) and, from these, permitted and forbidden transitions of chlorine in 
the neutral and ionized state have been identified. The abundances of 
chlorine and oxygen, relative to hydrogen = 1000, have been estimated as 
0-002 and 0-25 respectively in planetary nebulae, a result claimed to be similar 
to that found for the sun and for the nebulae NGC 6572, 7027 and 7662.7 Evi- 
dence for the presence of chlorine in stellar atmospheres has been obtained 
by measurements of the spectra of U Cygni,* y Pegasi*® and U Sagittarii.° 
The observations for y Pegasi* indicate that the abundance ratio for chlorine/ 
oxygen is in accord with that given above for nebulae. | 


TERRESTRIAL CHLORINE 


The hypothesis has been advanced that chlorine existed in the primordial 
atmosphere of the earth and that subsequently it entered the hydrosphere’. 
Chlorine is now widely distributed throughout the whole of Nature and is © 
found in minerals, the oceans, river water, the atmosphere, and in plants and 
animals. 

However, except in the gases from volcanoes (see below), it is not found 
in the free state. Among the elements it is reckoned 15th in order of abund- 
ance in igneous rocks,*® whilst older calculations’ place it as 11th if the 
average composition of all terrestrial matter, including rocks, the sea and the 
atmosphere, is taken into account. 


IN ROCKS AND MINERALS 


The average chlorine content of volcanic rocks is quoted as 0-048%’ while 
figures for 28 classes of eruptive rocks have also been determined.*® The 
most recent work"? on igneous rocks, which constitute about 95% of the crust 
of the earth,” gives an average figure of 0.0314%, determined on 23 rocks in 
the U.S.S.R.; this figure is considerably lower than the 0-097% given in the 
earlier compilation of Clarke.’ Analyses recently carried out on 16 metamor- 
phosed sedimentary rocks in the Aulanko area in south-western Finland gave 
an average chlorine content of 0-035%.** The chlorine content of soils and 
peats is of the same order as that of igneous rocks.‘"** The skeleton of the 
coral contains 0-038% of chlorine.'® | 

Since vegetation contains chlorine (see below), it is not surprising that 
coal formed from it also contains the element. Since, however, the coal in its 
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formation has been subjected to high temperatures, some of the chlorine present 
only as chloride ion in the vegetation might be expected to be converted into 
chloro-organic compounds. This appears to be so: in determinations on 22 
coals from many countries, the total chlorine varied from 0-03 to 0-33%; the 
amount of chlorine probably combined organically ranged from 0 to 0-12%.*® 
In tests on the water-soluble chlorine content of coal from various areas in 
northern England, figures of 0-002% to 0-355% were obtained.*” Tests on 24 
coals from 12 states in the U.S.A. gave chlorine contents of 0-0-46%, with 
a mean value of 0-128%; the authors point out that the extraction of the 
powdered coal with water may give slightly low results for chlorine, again 
indicating the possibility of chloro-organic bodies.*® 

Chlorine is found in the following minerals which are supplementary to 
those mentioned in the original treatise (Mellor, II, 15):- 


Normal Halides:*% 7° 
Chloromagnesite, MgCl, 
Hydrophilite, CaCl, 
Eriochalcite, CuCl,,2H,O 
Chloraluminite, AlCl,,6H,O 
Ostwaldite, colloidal AgCl. 


19, 20 


eee and Hydroxyhalides: 
Lorettoite, Pb,O,Cl, (?) 
Daviesite, a Pb oxychloride — formula not known 
Bieaeclice, BiOCl 
Kempite, Mn,(OH),Cl 
Bolallackite, Cu,(QH),C1,H,O(?) 
Cadwaladerite, Al(OH),C1,4H,O 
Diaboleite, Pb,CuCl,(OH), 
Chloroxiphite, Pb,CuO,(OH),Cl,(?) 
Koenenite, Mg, Al,(OH),,Cl, 
Kleinite, Hg**(NH,) chloride - sulphate 
Mosesite, Hg’(NH,) chloride - sulphate 
Petterdite, a Pb oxychloride 
Sarawakite, probably an Sb oxychloride. 


Halide complexes:**7° 


Pseudocotunnite, K,PbCl, 
Mitscherlichite, K,CuCl,,2H,O 
Chlormanganokalite, K,MnCl, 
Huantajayite, (Na,Ag)Cl 

Baumlerite, CaCl,,2KCl 

Kremersite, FeCl,,2NH,C1,H,O 
Schwarzembergite, Pb(IO,),,3PbO,Cl,. 


Compound halides:*? 
Trude llite, Al,C1,,(OH),,(SQ,)3,3 0H,O (?) 


Carbonates containing Halogens:*”?”° 


Northupite, Na,MgCl(CO,), 


Borates containing Halogens:*” 
Teepleite, Na,B,0,,2NaCl,4H,O 
Bandylite, CuB ,0,,CuCl,,4H, 6 
Hilgardite and Parahilgardite, CaO), ).Cl.4h,0. 


Sulphates containing Halogens:*”*° 


Caracolite, a basic NaPb chloride - sulphate — formula not known | 
Ghiornthionice, K,Cu(SO,)Cl, 
Schairerite, Na,(SO,F,C1) 


Refs. p. 268 


264 CHLORINE 12-18) 


Sulphates containing Halogens:'®?° (continued. ) 
Sulphohalite, Na,CIF(SO,), 
Connellite, Cu,,(SO,)C1,(OH) ,.,3H,0 (?) 
Buttgenbachite, Cu,,(NO,),Cl,(OH)3.,3H,O (?) 
Spangolite, Cu,Al(SO,)(OH),,C1,3H,O 
Kainite, KMg(SO,)CI,3H,0. 


Compound sulphates:*” 
Hanksite, Na,,K(SO,),(CO,),Cl 
Wherryite, Pb,Cu(CO,)(SO,),(OH,C1),0 (?) 


Phosphates, Vanadates and Arsenates containing Halogens: 
Chlorapatite, Ca,(PO,),Cl 
Svabite, (Ca,Pb),(AsO,,P O,),(F,Cl,OH) 
Hedyphane, (Ca,Pb),(AsO,),Cl 
Ellestadite, Ca,(Si,S,P,CO,),(Cl,F,OH) 
Sampleite, NaCaCu,(PO,),Cl,5H,O0 . ye 
Kampylite, Pb,[(As,P )O,],Cl- 
Polyspharite, (Pb,Ca),(P.O,),Cl 
Georgiadesite, Pb(AsO,),,4PbCl. 


Arsenites and Antimonites containing Halogens: 
Ecdermite and Heliophyllite Pb,As,O,Cl,(?) 
Finnemanite, Pb,(AsO,),Cl 
Nadorite, PbSbO,Cl 
Ochrolith, [PbC1],(SbO,),[Pb,0]. 


Silicates containing Halogens:”° 
Nasonite, Ca,Pb,(Si,O0,),,(PbCl), 
Hackmanite, Al,Na,(SiO,),-[Al(C1,SNa)] 
Lasurite, Al,(Na,Ca),(SiO,),,Al(NaSO,,S,Na,Cl) 
Marialith, 3NaAlSi,0O,,NaCl 
Friedelite, H, Mn, ,(SiO,),9(MnCl) 
Pyrosmalith, H,(Fe,Mn),,(SiO,), [(Fe,Mna)Cl],. 


Organic Compounds:*? 


€alclacite, GaCh(C HG) Ho: 


19,20 


19, 20 


IN METEORITES 


The mean chlorine content of siliceous meteorites is quoted’ as 0-08% and 
0-09%. Iron meteorites often contain considerable amounts of ferrous chloride; 


e.g., 0-363% of chlorine was found in a specimen of octahedrite from Glasgow, 
Barren County, Kentucky.” . 


IN VOLCANIC GASES 


A trace of free chlorine has been found in the gases of Kilauea, Hawaii.” 
In other cases it was found that, at 1200°C. and at 760mm. pressure, the 
volume per cent of free chlorine was 1-03 — 1-33.79 

Hydrochloric acid and chlorides are also found in the products of volcanic 
activity. Thus the fumarolic incrustations in the Valley of Ten Thousand 
Smokes were found to contain 0-05% of sodium chloride.** In the Katmai 
region of Alaska, fumarole vapours contained hydrochloric acid as well as 
iron, zinc, and ammonium chlorides.** The quantity of hydrochloric acid 
contained in these vapours can be very large. Thus it has been estimated 
that, in 1919, at 100°C. and 760mm., the volume of steam emitted by the 
fumaroles in the Valley of Ten Thousand Smokes was 2-6 x 10* cu.m. per sec.; 
the steam contained 0-117% of hydrochloric acid, equivalent to a yearly emis- 
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sion of 1-3 x 10° metric tons of acid.?® The role of such chlorine-rich gaseous 
or liquid emanations in the formation of such materials as the chlorine-con- 
taining silicates known as scapolites has been discussed.?’ | 


IN TRE ATMOSPHERE 


Very little information is available on the direct determination of chlorine 
in the atmosphere, but many analyses have been carried out on rain, snow, fog 
and frost. 

In the neighbourhood of Chionji, Kyoto, Japan, the average Cl content of 
the air was 7-3 pg. per cubic metre.”® 


IN RAIN AND SNOW 


Chlorine is found as chloride in the various forms of precipitation. Al- 
though, as shown in the work reviewed, the chloride is believed to arise 
mainly from salt spray carried in from the oceans, the figures quoted are for 
chloride ion and not for sodium chloride. 

During the period 9th October 1919 — 22nd May 1920, 48-13 lb. of chloride 
fell per acre in Mount Vernon, Iowa, U.S.A.** Over the period lst October 
1922 — 1st June 1923, the quantity of chloride was 20-35 lb. at the same 
place;*®** in samples of 12 snows and 29 rains the chloride content varied 
from 3-54 to 28-1 p.p.m.** The chloride was considered to originate as salt 
spray carried from the Atlantic coast. Measurements made in the same area 
over the period 14th June 1936 — 5th June 1937 gave chloride contents in 
tain and snow ranging from 0-7 p.p.m. on 27th May 1937 to 11-15 p.p.m. on 
19th February 1937.°* The lowest figures occurred at a time of heavy rainfall 
while the highest were either preceded by several weeks of drought or were 

associated with dust storms. 

Results are also available for similar work carried out at Cornell College, 
Iowa, U.S.A. where, over the period 19th September 1921 — 2nd June 1922, the 
rain and snow which fell, equivalent to 17-46 inches of rain, carried with them 
7-942 lb. of chloride per acre, equivalent to an average concentration of 2-01 
p-p.m. in the precipitation.** Determinations made at a station 6% miles 
from the Cumberland coast in England showed that, during a period of strong 
wind from the sea, the chloride content of the rain was as high as 137 p.p.m.; 
in calm weather, a figure of 7 p.p.m. was recorded. The figures were higher 
during winter, averaging 22 p.p.m. in October — December 1920; at Maryport 
‘on the coast these three months gave an average of 121 p.p.m.** 

A review of published analyses of rain water given by Riffenburg in 1925 
indicated an average of about 3 p.p.m. of chloride for the figures reported in 
over 200 journal articles; continuation of the survey of the literature was 
held to support this figure. The amount of chloride was shown to depend on 
location, particularly on proximity to the open sea, values as low as 0-05 
p-p.m. being obtained in inland districts, and as high as 45 p.p.m. in Hawaii.** 
Analyses of rain water at different places. in Mauritius showed that over the 
period 1934 — 1936 the average annual chloride content varied between 14-36 
and 29-43 p.p.m. The chloride content increased with rainfall.*° 
3 Measurements in Sweden of the chloride content of mountain fog frost 
gave an average of 3-6 p.p.m., and of snow, 2-1 p.p.m., but the figures were 
very variable depending on the manner of formation of the crystals, well-formed 
crystals being almost free from chloride.*” Figures for fog and cloud have 
also been obtained,**® 7-5 p.p.m. for fog at Kent Island, Nova Scotia, 35 p.p.m. 
on the S.E. coast of Massachusetts and 0-1 p.p.m. for cloud on Mount Wash- 
ington, New Hampshire, U.S.A. 

Recently, the results of Israé@l*° and of others have been reviewed.** In 
all, 252 observations in industrial, agricultural and mountain districts in 
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Western Europe were considered. The chloride content of rain was found to 
show the remarkable variation of 0-08 — 171-0 p.p.m. at Leiden, while smaller 
ranges were experienced at Haid and at Donnersberg; for snow, the figures 
varied between 0-35 p.p.m., recorded on the Sonnblick Massiv, to 30-97 p.p.m. 
at Donnersberg. 

The reports considered above show wide variation in results, and in 
view of this and of the absence of comprehensive data for Asia and the other 
land masses, it is clearly impossible to compute an average figure for the 
chlorine content of rain or snow. Amounts of chloride appear to be dependent 
mainly on proximity to the sea and the incidence of on-shore winds. Hence, 
like the rainfall figure itself, the chloride content of precipitation would have 
to be determined for each particular locality in question. 


IN THE SEA 


There is a large literature on this subject** and for this Supplement it 
will suffice to indicate the range of values obtained. It has been calcula- 
ted” *? that there are 278 kg. of sea water for every square centimetre of the 
earth’s surface, and only 4-5 kg. of continental ice, 0-1 kg. of fresh water and 
0-003 kg. of water vapour. When it is borne in mind that the sea contains 
approximately 1-9% of Cl and that only a few inland waters such as the Dead 
Sea in Palestine and Searles Lake in California contain Cl in higher concen- 
tration than this, the overwhelming importance of the sea in comparison with 
the other aqueous sources of chlorine becomes evident. 

Chloride ion is the major constituent of sea water, being present to the 
extent of 18-97 g./kg. while the bromine concentration is 0-065 g./kg.and the 
total solid content 34-33 g./kg., giving ratios of Cl/Br = 292, and of total 
solids/Cl = 1-81.** Earlier figures for the Strait of Georgia, British Columbia, 
gave a Cl/Br ratio of 279** as compared with the value of 288 obtained by 
Winkler*® for the Adriatic. For water near the north-east coast of the Black 
Sea, the total solids/Cl ratio was 1-7911 — 1-8307; the higher values were 
obtained near the coast, and were higher than the normal values for ocean 
water.*® In a recent study of the Cl/Br ratio of various waters*’ it has been 
pointed out that the value is but slightly influenced even locally, e.g. in the 
Sea of Azovor the Baltic Sea, by influx of river water. The many underground 
waters having Cl/Br ratios of about 300 are probably normal sea water held 
in sediments which were deposited on submerged coastal plains. Waters 
having Cl/Br ratios of less than this value rarely occur, and are usually 
associated with tropical and subtropical coastal salt lakes which have become 
more or less isolated. The lower ratios arise from deposition of sodium 
chloride as a result of evaporation. Higher Cl/Br ratios than 300 are probably 
caused by the leaching of salt deposits rich in chlorides. The distribution 
of chlorine between sea water and sediments has been discussed. *® 


IN RIVERS AND LAKES 


The average content of dissolved substances in river water is of the order 
of 0-1 — 0-2 g./l. and the Cl content is some 5% of this, but there are very 
wide variations in these figures. Thus for the Mahanuddy near Cuttack, 
India, the Amazon at Obidos, Brazil, the Mississippi at New Orleans and the 
Pecos River in New Mexico, the Cl contents are approximately 2,3,10 and 
538 p.p.m. respectively.*° 

Lake waters show even wider variation. Thus the Lac de Champex, Can- 
ton Valais, Switzerland shows only about 3 p.p.m. of Cl, while Searles Lake, 


California contains 4.7% of potassium chloride and 16-35% of sodium chlor- 
ide. *? 
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IN SPRINGS AND NATURAL WATERS 


The literature is extremely voluminous, the recorded analyses running into 
thousands.*° Among these waters, those containing chloride as the principal 
anion are perhaps the most conspicuous group. Waters of this class are very 
common and the range of Cl contents is very wide. Thus the water from the 
Marienquelle, Bavaria, contains about 0-16% Cl while the brine from a deep 
well at Conneautsville, Pennsylvania contains some 18% Cl.*° Some new 
analyses of the mineral waters at Saratoga, New York, which contain about 
0.3% Cl, have been used in deducing a new theory of their origin.™ 


IN PLANTS AND PLANT PRODUCTS 


In plants, chlorine exists only as inorganic chlorides dissolved in the 
cell liquids.*? Generally, its concentration increases from the roots to the 
leaves, and usually it is present only in low concentrations in the epidermis, 
the hair system, flowers, pollen and woody tissue. On the contrary, it is 
abundant in fleshy roots and rhizomes. Plants which grow in rich or in brine- 
containing soils contain more chlorine than those grown in poor and dry soils 
moistened with soft water. / 

There are considerable variations in concentration from plant to plant, and 
even within the same kind of plant. Thus the chlorine concentration for the 
potato, carrot and tobacco has been given as 0-037, 1:5% and 2-3% respect- 
ively, while in clover, values of 0-07 — 0-48% of the dry weight have been 
recorded. Few plants have been found to contain only very low concentrations 
of chloride; among these are certain conifers, mosses and brackens’*, A 
summary of the more recent determinations is given in Table I. 


TABLE I.- CHLORINE CONTENT OF PLANTS AND PLANT PRODUCTS 


Reference 


TOBACCO: Surinam 
Spanish 
Spanish . 
Puerto Rican 0-90 —1-55; av. 1-00 
Kentucky, Burley var. 0-02 — 1-50 
Dark var. 0.04—2-99 
FLOWERING Lycium berlandieri (Texas) 6-80 
PLANTS: Celtis mississippiensis (Texas) 0-173 
Prosopis juliflora (Texas) 0-674—1.31 
SEEDS: Plantago psyllium (Spain) 0-05 
Yeheb (E. Africa) 0-0196 
Wheat (U.S.A.) 0-055 
Wheat flour (U.S.A.) 0-051 
Wheat flour (Hungary) 10-0602 —0-0738 
DATE PALMS: Phoenix dactylifera Pinnee | 0-104—0-647 
* Fruit pulp | 0.158 —0-694 
WINES: 0-017—0-78 mg./ litre. 


Cl content, per cent. 


IN ANIMALS 


Chlorine is widely distributed in the animal body in a great range of con- 
centrations. The average chlorine content of the human body is given as 0.45% 
of the dry weight’® Human liver may contain 0.025% and stomach mucus 
0-093% of chlorineS? The distribution of chlorine in a great number of animal 
tissues has been studied. For human skin, a figure of 0-283 + 0-017% Cl has 
been obtained®* whilst average values of 0-86, 0°85, 0-GO and 0:-66% Cl have 
been found for horse, cow, pig and dog skins respectively;°’ in the invest- 
igation no connexion was found between sex, age of diet and the chlorine 
content of the skin. 
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An enormous number of determinations has been made of the chlorine 
content of blood, typical figures for man being 0.188% Cl for corpuscles,°° 
0.373% for plasma® and 0 +203 —0-250% for plasma from patients suffering from 
a variety of diseases.” Values of 0:037—0-094% Cl have been obtained for 
human saliva.7? In a study of the distribution of electrolytes in the cerebro- 
spinal fluid of animals and man,” figures of 0-443, 0-384 and 0-404% Cl were 
obtained for man, cattle and dogs respectively. For human colostrum, a 
figure of 0-088% Cl has been returned.” : 


The chlorine content of goose feathers is given as 0-176 —0-609%.”* The 


form in which chlorine is found in animals is still a very controversial subject. 

° ° ° . 4 e 
Until 1927 it was though to exist only as chlorides but since then” the exist- 
ence of chlorine-carbon compounds in animal matter has been debated. 
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THE PREPARATION OF CHLORINE. 


Since the original treatise was written, little study has been made of new 
methods of making chlorine in the laboratory, partly because the older labora- 
tory methods are fairly satisfactory, but probably mainly because commercial 
liquid chlorine in conveniently small cylinders is now generally available 
and is usually pure enough for ordinary laboratory work. For researches 
requiring specially pure chlorine, commercial chlorine may be purified, Or 
chlorine may be made by one of the older laboratory methods and then purified. 
In the following sub-section, methods adopted in the last thirty years for the 
laboratory preparation of very pure chlorine are summarized and, since no 
analytical details of purity are given, an attempt is made to estimate the 
degree of purity actually achieved. 


PREPARATION IN THE LABORATORY 


Pure chlorine can be made at the rate of about 50 1. per hour in simple 
glass apparatus by the action of hydrochloric acid on an alkali chlorate.’ 
For work on the photosynthesis of hydrogen chloride, chlorine was prepared 
by the action of pure hydrochloric acid on potassium permanganate; the gas 
was then purified by washing with aqueous permanganate solution, followed 
by washing with water in darkened vessels and drying over phosphorus pent- 
oxide. The crude chlorine so obtained, after liquefaction, was distilled four 
or five times, with rejection of the initial and final fractions in each distil- 
lation. The final product was left in the solid state until required. The 
degree of purity to be expected in such chlorine is discussed below. For 
similar work on the interaction of hydrogen and chlorine, chlorine has also 
been made by electrolysis, either of pure hydrogen chloride solution or of a 
saturated solution of cupric chloride which had been boiled under reflux with 
chlorine for 50 hours in an all-glass apparatus: the electrodes used were of 
iridium, and the chlorine produced was liquefied and then distilled, head and 
tail fractions being rejected. 


THE LABORATORY PURIFICATION OF COMMERCIAL CHLORINE 


As will be pointed out in the sub-section dealing with the commercial 
preparation of chlorine, there is very little information available in the litera- 
ture on the quality of commercial material, and there appears to be no inter- 
nationally accepted specification. Chlorine is manufactured in a variety of 
ways, and it is to be expected that each process will give its own range of 
impurities. It is, therefore, not possible to state what impurities are likely 
to occur in any particular cylinder of liquid chlorine. Impurities actually 
found, in amounts totalling about 0-2%, were hexachloroethane, carbon tetra- 
chloride, chloroform, bromine and ferric chloride,**® while carbon dioxide, 
hydrochloric acid, oxygen, carbon monoxide, nitrogen and hydrogen have also 
been reported.° No information is given, however, as to the process by which 
the chlorine was made, and other impurities may obviously be found in other 
cylinders of the liquid. Traces of nitrogen trichloride may be present in 
chlorine made by the electrolysis of brine containing small amounts of am- 
monia’ and air has also been found in commercial chlorine.® If, however, the 
chlorine is vaporized from a cylinder, it seems likely that most of the air 
present would be found in the first portion of the gas to be withdrawn. It is 
clear, therefore, that whilst commercial chlorine may be satisfactory for some 
laboratory purposes, it must be specially purified for any precise work, and 
the following information is available on methods used to effect this purifica- 
tion 

Carbon dioxide, hydrochloric acid, oxygen, carbon monoxide, nitrogen and 
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hydrogen can readily be removed by distillation, as was established by ab- 
sorption of the gas in mercury in a Winkler burette and by passing the gas 
over purified charcoal at 1150°C. and confirming that there was no loss in 
weight of the charcoal.° The commercial material can also be purified from 
hydrogen by first drying the gas with sulphuric acid and then passing it over 
activated birch charcoal at 180 — 200°C., the hydrochloric acid formed being 
absorbed in water.’ 

Chlorine required specially pure, e.g., for photochemical work, has been 
prepared by fractionating the commercial material. Thus in work on the 
formation of carbon tetrachloride from chloroform and chlorine in the presence 
of light, cylinder chlorine made by I.G. Farbenindustrie A.- G. in Germany 
was distilled several times under vacuum, and the product was then considered 
to be free from oxygen, water and hydrochloric acid.*® A similar purification 
technique was followed in other photochemical work?)*49'? whilst in a recent 
paper’* details are given of a laboratory distillation column and procedure. 

A low pressure sublimation-crystallization procedure has also been used, 
and it is pointed out that commercial chlorine treated in this way gives higher 
rates of photochemical reaction with carbon monoxide than similar chlorine 
distilled in a multiple-plate column** and is, therefore, presumably of a higher 
degree of purity. 


THE PURITY OF THE CHLORINE 


In none of the papers referred to above are detailed analyses given of the 
purified chlorine and, in the absence of information as to the quality of the 
starting material, it is not possible to make an exact estimate of the degree 
of purity achieved. It is known, however, that large-scale distillation of 
commercial material can give chlorine of 99-99% purity‘ and it appears likely 
that in the laboratory purification processes, designed to eliminate materials 
both more and less volatile than chlorine, final products of even higher purity 
than this may be obtained. 
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THE MANUFACTURE OF CHLORINE 


OUTPUT 


Chlorine ranks with sulphuric acid, sodium hydroxide, sodium carbonate, 
ammonia, phosphoric acid and nitric acid as one of the most important tonnage 
chemicals now made, and production has shown a remarkable increase in the 
past 30 years as indicated by the following Table in which the outputs given 
in a recent paper’ have been converted to British tons per year: these units 
are used throughout this section. : 


TABLE IL - WORLD PRODUCTION OF CHLORINE” 


Output in tons 
per year x 1075 


As is shown in the chapter on the uses of chlorine, this tremendous 
increase in output, about 25-fold in 30 years, has arisen from the development 
of new uses for the element, particularly in solvents, plastics and inter- 
mediates. | The productions by. countries for the year 1951 are set out in 
Table III. 


TABLE MI, - PRODUCTION OF CHLORINE IN VARIOUS COUNTRIES IN 1951! 


Country | Output in tons x 1073 


U.S.A. 2200 
Gt. Britain 345 (not known = 
Garnany ples: 252 estimated) 
East 124 
France | 128 
Japan 128 
Canada 94, 
Sweden 74 
UsS3S Re 69 
Italy 49. 
Netherlands 30 
Argentina 19 
Norway 18 
Finland 17 
Austria 13 
Belgium 12 
Spain 1l 
Switzerland 10 
China 10 
Czechoslovakia 10 
All Others 425 
Total 3691 
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METHODS OF MANUFACTURE 


Chlorine is made mainly by the electrolysis of brine in diaphragm and 
mercury cells. A small proportion, of the output is obtained by the reaction 
between sodium chloride and nitric acid, and as a by-product from the manu- 
facture of sodium by the electrolysis of fused sodium chloride. The per- 
centage of chlorine made by these routes during the last 10 years in the 
United States of America, Germany and Canada, three of the chief manu- 
facturing countries, is shown in Table IV. . 


TABLE IV.- PERCENTAGE OUTPUT OF CHLORINE 
MADE BY VARIOUS METHODS 


Electrolysis of Brine in | Electrolysis of | Nitric Acid/ 


Diaphragm | Mercury Fused Sodium | Salt Process 
Cells Cells Chloride 
41 59 i i 


It may be noted that both in Germany and in Canada the mercury cell 
process is the favoured route and, on the other hand, about 80% of the vast 
U.S.A. output of chlorine is by the electrolysis of brine in diaphragm cells, 
although even in the U.S.A. the proportion of chlorine made in mercury cells— 
has been increasing in recent years. 

An account will now be given of the processes for the electrolysis of 
brine and salt and of the production of chlorine from nitric acid and salt. In 
the descriptions which follow, more emphasis is given to the theoretical 
principles which underlie the processes than to practical details of plant 
items, for information on which reference books on technology may be con- 
sulted. Similarly, reference is made to the extensive patent literature only 
when this is necessary to illustrate new plant principles. | } 

In addition to these main methods for producing chlorine, there are other 
processes such as the electrolysis of hydrochloric acid and the oxidation of 
hydrochloric acid which have been used locally. These less important 
methods are dealt with briefly after the descriptions of the main processes. 


THE ELECTROLYSIS OF BRINE IN DIAPHRAGM CELLS 


In the original Treatise (Mellor, II, 35), a short description was given of 
this process which, as shown above, produces over half of the world’s output 
of chlorine. Concentrated sodium chloride solutions are electrolyzed giving 
chlorine at the anode, hydrogen at the cathode and alkaline brine near the 
cathode; by means of a diaphragm separating the anode and cathode com- 
partments, the chlorine is kept apart from the hydrogen and alkaline brine. 
The cell products are thus chlorine, hydrogen and brine containing sodium 
hydroxide. The total reaction may be represented:- , 


NaCl +H,O -> NaOH + %Cl, + 4H, 


If the sodium chloride and sodium hydroxide solutions are assumed to be of 
unit molality, and the other substances in their standard states, it may be 
calculated from the data given by Rossini et al.® that at 25°C. AG, = +50-445 
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kg.-cal./mole and hence that under these conditions the reversible voltage of 


the cell is 2-19 V. This figure is close to the approximate estimate of re- 
versible voltage, 2:3 V., made over thirty years ago by Moore.” In practice 
the operating voltage of the cell is over 3 volts and the reason for this may 
be appreciated after a description of the cell has been given. — 

A large number of different types of diaphragm cells are in operation and 
installed capacities in U.S.A. of some types for 1946 are given in Table V. 


TABLE V.- DIAPHRAGM CELL PLANTS IN U.S.A. 
INSTALLED CAPACITY IN 1946? 


Total Capacity 
Tons of Chlorine/ 
Year x 107° 


‘ No. of 
Diaphragm Cell Type Installations 
Hooker-S 
Hooker Columbia 
Dow-Bipolar 
Vorce 
Gibbs 
Diamond 
Allen~Moore ~ LeSueur-KML 
Wheeler 
Hargreaves Bird 
Nelson 
Larcher 
Townsend 
MacDonald 


Sees WW ody WP ww 


The Billiter cell was the main contributor to the 167,000 tons of chlorine 
made in diaphragm cells in 1942 in Germany but it has been stated that the 
Billiter cell is not considered to be as satisfactory as the Hooker cell.? 
Brief descriptions of the above cells have recently been given.® There are 
many differences in the design of these cells, particularly in the method of 
arrangement of the diaphragm, but the essential features are the same in each 
case and it is proposed to illustrate the whole process by reference mainly to 
the Hooker-S cell which, as shown in the above Table, is by far the most 
popular cell in the U.S.A. the chief chlorine-producing country. 


PURIFICATION OF BRINE FOR ELECTROLYSIS 


Since the processes have much in common, the purification of brine both 
«for diaphragm and for mercury cells is described here. 

Common salt is never found in a pure state in Nature, the main impurities 
being calcium, magnesium and sulphate.*°** The salt for use in electrolysis 
is either brought to the factory as the solid?® or is dissolved underground and 


delivered by pipeline.** Typical analyses for rock salt intended for chlorine 
production after purification are given in Table VI. 


TABLE VI.- COMPOSITION OF RAW SALT 


Constituent Percentage in salt’ from 


Brazil | Germany Italy 


Nacl 
Ca 
Mg 
so" 


4 
H,O 
Reference 
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: The brine to be used in electrolytic cells has to conform to certain stan- 
dards of purity. For diaphragm cells the content of impurities has to be kept 
low to reduce the frequency with which the diaphragm becomes blocked, and 
thus it is essential that the calcium and magnesium concentrations are re- 
duced to the point at which there is no precipitation of lime and magnesia in 
the presence of the caustic soda which diffuses from the cathode to the anode 
compartment; heavy metal concentrations must also be kept low to avoid 
contamination of the caustic soda produced. To reduce corrosion of the 
anodes the concentration of sulphate should be kept low, say down to 3=5 
g./litre.” 

In the mercury cell process it is not customary to remove calcium as, at 
the concentration normally found, it does not appear to be electrodeposited 
with the sodium. Magnesium and heavy metals such as iron must, however, 
be removed since, as will be shown later, they facilitate the discharge of 
hydrogen at the cathode and also cause the formation of a mercury emulsion 
known as ‘thick mercury’.” The permissible concentration of sulphate is 
about the same as for diaphragm cells, viz., 3-5 g./litre.’ 

In both the diaphragm and mercury cell processes, only a portion of the 
sodium chloride in the brine is electrolyzed at each passage of the brine 
through the cell, and the remainder is re-used in making up fresh brine. 

Methods have been described for the removal of calcium, magnesium and 
sulphate from brine to be used in electrolysis, using a barium salt such as the 
chloride together with sodium hydroxide and sodium carbonate.**** The use 
of such materials as starch, soluble starch, dextrin and glue to increase the 
settling rate of the magnesium hydroxide precipitated by means of sodium 
hydroxide and sodium carbonate has also been described.*® Lime and sodium 
carbonate have also been used for the purification.*® Mathematical analysis 
of the results of the purification of brine containing calcium and magnesium 
showed that the most satisfactory precipitation was obtained at 15=30°C. 
with sodium hydroxide and sodium carbonate; some of the precipitate from 
earlier runs should be added to the mixture to provide centres of crystalliza- 
tion.*” Settling followed by decantation or filtration gives brine of the re- 
quired purity. Details have been given of brine purification in modern cell 
plants'****° and the figures given in Table VII may be taken as representative 
of brines used as feed for either diaphragm or mercury cells in German plants” 
or for other mercury cell plants,’*® iron and other heavy metals having been 
removed in the process.** 


TABLE VII. - COMPOSITION OF SODIUM CHLORIDE SOLUTION 
FOR ELECTROLYSIS IN DIAPHRAGM OR MERCURY CELLS 


Per Cent. by weight in Brine for 


German Diaphragm Other Mercury | 
or Mercury Cells” Cella, dis act 


25°8 Approx. 26 


Constituent 


0.019 
up to 0-0084 
0-0014 
<0-.0003 <0-10 
<0-0001 <0.008 
ey <0.0001 
° <0-25 


THE PROVISION OF ELECTRICAL ENERGY 


As shown above, the present annual world production of chlorine is about 
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4 million tons and as will be shown later the d.c. electrical energy consumed 
per ton of chlorine made is around 3000 kw.hr. This large annual direct 
current requirement of about 10*° kw.hr. = more than twice the total electrical 
energy used in the London area during the year ended 31st March, 1952” = is 


met by the conversion of a.c. energy by rectifiers, rotary converters, or motor — 


generator sets.”7*© A new type of contact rectifier for which a conversion 
efficiency of 97% is claimed has been described.**”” The d.c. energy is 
produced at voltages dependent on the number of electrolytic cells to be 
employed in the series and voltages as high as 700-850 are in use.**”° 
Electrical layouts for large electrochemical installations have been de- 


scribed?® as well as the safety precautions to be observed in the cell room.7*”? 


THE CELL 
Size 

Electrolytic cells generally have tended to increase in size and the 
development of the Hooker Type S cell is no exception to this rule.*° This 
cell was originally designed to run at 6000 amperes but as the capital costs 
of the cell have increased the current density has risen and the same cell, 
which is roughly cubical in structure with sides about 5 ft. in length,” has 
been operated at 10,000 and even 12,000 amperes. Estimates have been 
made*® showing that in plants with outputs above about 50 tons per day 
chlorine would be more economically made in 20,000 ampere cells and thus 
the Hooker Type S3 has been designed with twice the active electrode areas 
of the Type S cell. Development is proceeding still further, as is evidenced 
by a recent report mentioning a still larger cell, the Hooker Type S3A, which 
is being operated at 30,000 amperes.** | 


Main Features 
A diagram showing the main features of the 8,000 ampere Hooker Type S 
cell based upon information recorded in a recent paper** is given in Fig. 1. 
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Fig. 1. HOOKER TYPES DIAPHRAGM CELL 
Refs, p. 317 


12-3 MANUFACTURE 277 


The cell has a concrete cover and cell base. The graphite blades serving as 
anodes are supported vertically in lead cast in the concrete base; in the case 
of the Type S cell there are 90 such anodes each 46 x 16 x3cm.33 The 
cathodes of flat steel wire mesh extend inwards from two sides of a rect- 
angular channel frame so as to fit between the rows of anode blades. The 
cast lead forming the conductor to the anodes is protected from attack by the 
cell liquor by a coating of concrete. The diaphragm is asbestos fibre de- 
posited on the cathode in a bath under vacuum.*? The concentrated brine 
passes into the anode compartment of the cell through the concrete cover, and 
the chlorine discharged at the anode escapes through the cell cover. The 
brine then passes through the asbestos diaphragm while the hydrogen dis- 
charged at the steel cathode and the weak brine containing caustic soda 
escape through the hollow rectangular channel frame at the sides. By main- 
taining a head of brine between the anode and cathode compartments safe and 
satisfactory separation of the anode and cathode products is effected. The 
diaphragm has to be changed after it has become blocked with impurities to 
such an extent that the brine level in the anode compartment is 25 cm. above 
the top of the cathode.** 


Operation 

The brine, saturated with sodium chloride at 60°C. and fed to the cell at 
75°C., contains about 324 g./1l. of sodium chloride and has a specific gravity 
of 1-210 at 20°/155°C. (26:8 g. sodium chloride per 100 g. of solution).*° 
Electrolysis is carried out in the Type S cell at an anode current density of 
about 0-07 amp./sq.cm.** The brine feed rate is adjusted so that about 50% 
of the salt is electrolyzed in its passage through the cell, giving a cell exit 
liquor containing sodium chloride and sodium hydroxide in the weight ratio 
1-35: 1. The treatment of this liquor, to give pure caustic soda for sale and 
salt for return to the cell, is described below. 


Energy Consumption 
Data for the energy used in both the type S and type S3 cells have recently 
been given**** and the figures in the following tables are based on this inform- 
ation, those for energy consumption per ton of chlorine being obtained from 
the published voltages and current efficiencies. 


TABLE VIII.- ENERGY CONSUMPTION IN THE DIAPHRAGM CELL PROCESS 
Data for Hooker Type S Cells 


Anode current density amp./sq.cm. | 0-055 | 0-074 | 0-092 | 0-111 | 0-129 0.148 
Cathode current density amp./sq.cm.| 0-050 | 0-066 | 0-083 0.099 | 0-116 | 0-132 
Cell current (Amperes) 6,000 | 8,000 | 10,000 | 12,000) 14,000 16,000 
| Average Cell Temperature °C, 80 87 92 95 97.5 | 99 


Chlorine per cell per day: 
British tons 0-177 | 0-239 | 0-302 | 0-363 | 0-425 | 0-488 


Average cell voltage 3°26 3°48 3°72 3094 4.14 4.35 
Current Efficiency per cent. 94.7 96-0 96-8 97-3 97-7 98 


Energy Consumption kw.hr./ 
British ton of chlorine 2644 | 2784 | 2952 3110 3255 | 3410 


Approx. Energy Efficiency, %. 64 60 57 54 (52 49 


It is not possible to use these figures for current efficiency and voltage 
to calculate the exact energy efficiencies for the process, because no results 
have been published for the reversible voltage of the cell determined under 
actual operating conditions. However, approximate figures may be obtained 
by using as a reference 2:19 V., the reversible voltage under standard con- 
ditions at 25°C. (see page 274). This means that one ton of chlorine 
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TABLE IX.- ENERGY CONSUMPTION IN THE DIAPERAGM CELL PROCESS 


Data For Hooker S=3 Cells 


0.092 | 0-111 | 0-129 | 0+148 

0-083 | 0-099 | 0-116 

20,000 |24,000 {28,000 | 
96-9 |98-6 

0-603 | 0-727 | 0-850 


Anode current density amp./sq.cm. 

Cathode current density amp./sq.cm. 

Cell Current (Amperes) 

Average Cell Temperature: °C. 

Chlorine per cell per day: tons 

Average Cell Voltage 

Current Efficiency: % 

Energy Consumption: kw.hr. per ton 
of chlorine 

Approx. Energy Efficiency, % 


3,055 | 3,208 


theoretically requires 1682 kw.hr.of energy and the energy efficiencies in the © 
above tables have been calculated on this basis. 


Voltage 

It was pointed out above that, under the standard conditions described, 
the reversible voltage for the cell at 25° is 2:19 V. The reasons for the much 
higher voltage in the working cell are: 

(a) there are high overvoltages of chlorine and hydrogen at anode and 
cathode respectively; 

(6) there are potential drops through the electrolyte gap, through the dia- 
phragm, through the anode and cathode leads and through the various 
contacts, 

Each of these factors will now be dealt with in turn. 
Measurements have been made of the chlorine discharge potential** in 
sodium chloride solutions. The results for graphite, magnetite and platinized 

platinum are set out in Table X. 


TABLE X.- CHLORINE DISCHARGE POTENTIALS IN SODIUM CHLORIDE 
SOLUTION (260 g./1.) AT MAGNETITE, ACHESON GRAPHITE AND 
PLATINIZED PLATINUM ELECTRODES“ 


Electrode 5 ‘ Platinized 
Magnetite Acheson Graphite Platinum 


Temp. °C. 


Current 
Density 
amp./sq.cm. 


No determinations have been reported of chlorine discharge potentials at 
the temperatures of 80~ 100°C. or at the highest current densities prevailing 
in the Hooker Type S cells but it is possible to obtain approximate results by 
extrapolating the figures for Acheson graphite in Table X as regards both 
temperature and current density. Chlorine discharge ptoentials of about 1:37 
and 1-48 V. are thus obtained at 90°C. and at 0-05 and 0+15 amp./sq.cm. 
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respectively, the two limits in the current density range in Tables VIII and 
IX. The reversible electrode potential of chlorine at 25°C. is 1.3595 v.35 
Hence in the working cell the anode potentials are 0-01-0-12 V. above the 
standard electrode potential. 

In addition to the figures given in Table X determinations have been 
made*® of the discharge potential of chlorine on platinized platinum and on 
three different types of graphite. The values, reported as the mean of several 
hundred determinations at 50°C, + 0-3°, are set out in Table XI. 


TABLE XI.- CHLORINE DISCHARGE POTENTIALS IN VOLTS AT 50°, 
IN 22% SODIUM CHLORIDE SOLUTIONS 


| Current Density | Platinized | Acheson | Siemens 
amp/sq.cm. Platinum Graphite | Graphite 

7 0-1 16423 1-427 16433 

0-24 1-494 1-531 1-570 


The values for a current density of 0-lamp./sq.cm. are considerably lower 
than those of Stender. ** 

The hydrogen discharge potential has been determined for various ferrous 
metal cathodes in a sodium hydroxide = sodium chloride solution of about the 
same composition as that occurring in the cathode compartment of the cell.** 
No figures are available for 90°C. but for the purpose of this discussion it is 
probably sufficiently accurate to use the figures in Table XII which are for 
OCC, 


IG 
Graphite 


TABLE XII.- HYDROGEN DISCHARGE POTENTIALS IN VOLTS IN NaOH 
(2N) + NaCl (29N) SOLUTION AT 75°c.4 
Electrode Roofin Sample of Vorce Cast Vorce 
©C;D; ron g Soft Iron Steel Cathode Cathode 


amp/sq.cm. Cathode (Sample No. 1) — (Sample No.2) 


1-17 
1-20 
1-22 
1-24 
1-26 
1-27 
1-29 
1-30 
131 
1631 


The figures for steel, the ieee an me ee in tthe Hooker Type S 
cell, may be extrapolated to give a hydrogen discharge potential of 1-33 V. at 
a current density of 0-13 amp./sq.cm., the highest value considered in the 
above energy consumption tables. Discharge potentials of 1-19=1-33 Vv. 
thus apply over the current density range considered above; this contrasts 
with the reversible hydrogen potential at 25°C., in sodium hydroxide solution 
of unit molality, of 0-828 v.*’ 

No figures have been published for Hooker Type S cells for the potential 
_drops in the electrolytes in the anode and cathode compartments, in the 
_ diaphragm, in the anode and in the contacts. However, measurements on the 
Vorce cell®** operated at 1,000 amp. give these as 0-403, 0-145, 0-100 and 
0. 10 V. respectively, which may serve to define the order of the quantities. 
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It is thus seen that the divergence between the theoretical and the working 
voltage in a diaphragm cell, something over one volt, can be explained on the 
basis of the additional potential drops dealt with above. 

It is clear that a considerable saving in electrical energy would result if 
anode and cathode materials could be found with lower chlorine and hydrogen 
overvoltages respectively. However, the problem is difficult, particularly in 
the case of the anode which must have high resistance to the very corrosive 
chlorinated brine. The various possibilities are considered below (see page 
286).. 

The potential drop in the electrolyte depends on the current density, on 
the width of the inter-electrode gap, and on the conductivities of the solu- 


aren. a ee 


tions in the anode and cathode compartments, which in turn depend on their — 


concentration and temperature. On account of the magnitude of the energy 
loss from this cause, much attention has been paid to designing the cell with 


the minimum practicable working distance between the electrodes.** Since 


the inter-electrode gap increases as the anodes wear (see page 287) a reduc- — 
tion in anode wear is important as a means of saving energy. The importance ~ 
of the energy quantities involved is shown by the figures given in Tables 


XIII and XIV which are derived from measurements made on the conductivity 
of solutions of sodium chloride***° 
and sodium hydroxide** respectively. 


TABLE XIII.- POTENTIAL DROP IN SOLUTIONS OF SODIUM CHLORIDE 


g.NaCl/ 
100 g. 
Solution 


Potential drop in volts through lcm. of Solution 
at Current Density of 0-1 amp./sq.cm. 


TABLE XIV.- POTENTIAL DROP. IN MIXED SOLUTIONS OF 
SODIUM CHLORIDE AND SODIUM HYDROXIDE 


Potential drop in volts through 1 cm. of 


..g-/ 100g. soln. ; ' 
Conen.,g./ 100g. soln solution at current density of 0-1 amp./sa.cm. 


It should be borne in mind that in a working cell the solutions in the 


anode and cathode compartments must be saturated with chlorine and hydrogen 


respectively, and contain a dispersion of bubbles of these gases. The 
potential drop through the electrolyte includes not only the resistance arising 
from this cause but also the resistance set up by the bubbles of gas liberated 
at the electrode surfaces. No measurements have been published of these 
separate effects but this point is discussed for the mercury cell, where the 


gas bubble effect at the anode is much larger since the chlorine is in that 
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case discharged on the underside of horizontal graphite plates. 


The potential drop in the diaphragm is also an important item of cost and 


this is dealt with later (see page 289). 


The electrical resistances through the anode and cathode leads are a 


function of the cell design and as shown above represent only about 23% of 
the total energy expenditure. Theoretically, a potential difference should 


exist at the diaphragm, where the anolyte of sodium chloride is in contact 
with the catholyte consisting of a mixture of sodium chloride and sodium 
hydroxide solutions. No figures have been published for this potential dif- 
ference but it is thought to be small.* This opinion is borne out by data on 
liquid junction potentials recently published*? from which it appears that this 
potential difference in the diaphragm cell must be only of the order of milli- 
volts and thus negligible. 


Current Efficiency 


The current efficiency is the ratio, expressed as a percentage, of the 
weight of the actual products of electrolysis to the weight that might theoreti- 
cally be liberated by the quantity of electricity used. Thus with chlorine 
cells one Faraday, 96,484 absolute coulombs, theoretically liberates 35-457 
g. of chlorine and 40-005 g. of sodium hydroxide, or in technical units 1000 
ampere hours should give 2-916 lb. of chlorine and 3-290 lb. of sodium 
hydroxide. In practice, only the sodium hydroxide is weighed, as the chlor- 


ine produced is more difficult to measure, but recently a method of deter- 


mining current efficiency in diaphragm cells by gas analysis has been pub- 
lished.** In the discussion which follows it is assumed that the chlorine or 
anodic current efficiency is the same as the cathodic or sodium hydroxide 
efficiency, although only a few experiments on this point have been re- 


ported.** 


The weight of cell products is less than the theoretical value for the 
following reasons: 
(1) There may be leakages of current to earth, or current may pass from 
anode to cathode non-electrolytically, e.g., over the outside of the cell 
casing, or between the electrodes if a short-circuit occurs. 


(2) Secondary reactions occur at the electrodes. 


(3) Secondary reactions occur in both the anode and cathode solutions. 


(4) There are always handling losses in the working up of the cell products. 


No measurements have been reported on the amount of current which leaks 
to earth through the cell insulators but the amount is thought” to be a small 


| fraction of the other losses. On account of the small potential difference 


across the cell, non-electrochemical passage of current over the cell casing 
may be expected to be very small, and losses arising from direct passage of 
current between anode and cathode should not occur apart from accidental 
short-circuiting. 


Reactions at the Anode 
The anodes are now generally of graphite (see page 286) and the main 
process 


Zh oir Els thi Dy Ch (ate eos aise 
takes place under cell conditions as shown above at a potential of + 1+3 to 


1-4 V., relative to the hydrogen electrode. © | 
There is evidence that the following reactions also take place: 


40H" — 2H,0+0,+4e........1 
40H” +C + 2H,0+CO,+4e.... . Ill 


while if sulphate is present in the brine, current is also used to discharge 


oxygen by a process other than II which has not yet been fully investigated.” 
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Finally, hypochlorite ion present in the brine, from the hydrolysis of 
chlorine and from reaction of dissolved chlorine with hydroxyl ion diffusing 
from the catholyte, may be discharged to form chlorate: 


6-ClO" $ 3H,0° 72 CIO; H4Cl 46H 470,46 2, oye LV 


At first sight, it seems remarkable that hydroxyl ion is discharged from 
the anolyte at the low pH of about 4 to such an extent as to give proportions 
of oxygen and carbon dioxide in the cell gas each of the order of 1%. How- 
ever, the electrode potential for reaction II at 25°C. in a solution of unit 
molality (of hydroxyl ion) is H° = 0-401 v.** At other hydroxyl ion concen- 
trations the potential is given by 


E = E, ~ 0:0592 logy. (OH ) 


and hence at pH 4 is 0-993 V. 

Similarly, under standard conditions at 25°C., the potential for reaction 
III calculated by the author (W.W.S.) from available thermodynamic data*®** is 
- 0-621 V., and at pH 4, - 0-029 Vv. ‘These potentials are much below the 
chlorine discharge potentials of 1:3~1-4 V. and, therefore, on thermodynamic 
grounds alone, reactions II and III should proceed to the almost complete 
exclusion of the normal chlorine-producing reaction I. The fortunate fact 
that in practice nearly pure chlorine is obtained at the anode, with relatively 
little oxygen and carbon dioxide, is explained by the existence of a very high 
oxygen overvoltage at the graphite surface (see page 286). Small propor- 
tions of carbon monoxide have also been reported in the cell gas.** 

The rate at which chlorate is formed by anodic oxidation will depend on 
the concentration of hypochlorite ion, which in turn depends on the equilibria 
set up in the reactions: Cl, +H,O —> H* + Cl” + HOCI, and HOC] > Ht+ 
OCI°. No work has been reported on the determination of these equilibria 
under conditions resembling those. occurring in the anolyte, but the values of 
the equilibrium and dissociation constants in water at room temperature are 
so small (see page 283) that at the pH usually prevailing in the anolyte, 
about 4, only very small concentrations of hypochlorite ion can be present. 
Thus little chlorate formation at the anode is to be expected. 

From reactions I, II and III it follows that the percentage loss in current 
efficiency through discharge of oxygen and carbon dioxide is equal to twice | 
the sum of the percentages by volume of these gases in the chlorine. Inthe 
most extensive recent investigation®® on factors affecting current efficiency 
in diaphragm cells, work was done on Hooker S type cells and the findings 
have therefore a direct bearing on the energy consumption figures given in 
Tables VIII and IX. The results in Table XV were obtained in operating 
at anode current densities of 0-069-0-100 amp./cm’., and at a temperature 
not stated but apparently about 85-90°C., according to data reported by 
Hubbard for cell temperatures at similar current densities.*° In each case 
the cell was run under steady conditions for at least ten hours before the 
measurements recorded in the Table were made. Cell conditions were altered 
by varying the concentration of sodium chloride in the brine feed (runs 4, 6, 
10, 11, 12), the rate of brine feed (runs 7, 10, 11, 12) and the current density 
(runs 16, 19, 22, 23), and by adding sodium sulphate (runs 14, 22), hydro- 
chloric acid (run 17) and sodium hydroxide (run 13) tothe brine feed.  In- 
cluded in the Table are the estimated losses from other factors which will be 
discussed later. The figures for oxygen and carbon dioxide in the cell gas 
are exclusive of oxygen from the air and carbon dioxide from carbonate pre- 
sent in the brine, and have been calculated from the published results by the 
author (W.W.S.) in terms of volumes of gas per 100 volumes of chlorine. 

The conclusions reached** are that, under normal operating conditions, 
with 258 g./l. (about 22%) of sodium chloride and 4-4 g./l. of sodium sulphate 
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in the anolyte, and using graphite anodes with an age of 330-400 days: 

(a) the largest loss of chlorine arises from discharge of 
hydroxyl ion, the loss being proportional to the hydroxyl 
ion concentration in the anolyte; 

(b) the loss of current efficiency arising from sulphate in the 
brine is proportional to the concentration of sulphate, is 
independent of pH, and amounts to only about 10% of the 
total chlorine loss when the brine contains 0°38% of so- 
dium sulphate and when the anolyte has the normal pH of 
about 4; 

(c) the loss from the discharge of hypochlorite ion to give 
chlorate at the anode is very small when the anolyte is at 
its normal pH of about 4 but increases with pH. 


Reaction in the Anolyte 
There are two main reactions in the anolyte which cause a loss in current 
efficiency.** 
(a) Chlorine dissolves in the hot brine where it hydrolyses as 
follows:- 


Cl, +H,O = Ht + Cl +HClo. 
However, the equilibrium constant for this reaction is 


[HJ [CrIHC1o] ~ 4.66 x 10°* at 25°C. 
[c1,] 


in water’’ and is smaller in concentrated sodium chloride 
solutions.*® This means that the loss of chlorine carried 
by the anolyte into the cathode compartment is low under 
normal operating conditions as the figures in Table XV 
show. The loss increases as the pH of the anolyte is 
raised and reaches 1-3% where alkaline brine was fed to 
the cell (run 13, Table XV). 

(b) Hypochlorous acid and hypochlorite ion react to form 
chlorate ion: 


ClO: @ PHOCIk—> ClO 64 ek 22 


The figures in Table XV show that at the normal pH of 
about 4 the losses from this cause are usually less than 
1% and are very small with acidified brines, as might be 
deduced from the above constants. 


Reactions at the Cathode 
The main reaction 


occurs at a potential of -1-19 to ~1-33 volts as already shown. Chlorine, 
hypochlorite and chlorate are carried into the cathode compartment in the 
brine from the anode compartment. The dissolved chlorine will react with 
the sodium hydroxide to form chlorine and hypochlorite 


ie Ore = Gl OC et HO ee i a Ms ks « II 


and it is stated that cathodic reduction of the hypochlorite and chlorate ion 
may take place.** 
These reductions may be set out in the form 


ClO ree ate? 6 S54 Gl wtsHOm nie & i gecesi. LL 
ClOe cH Gels CAH O- a 2 sty IV 
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and their standard potentials in sodium hydroxide solution of unit molality, 
calculated by the author (W.W.S.) from the available thermodynamic data,*’ are 
E° = -0-89 and =-0-62 respectively. The reactions are therefore possible on 
thermodynamic grounds but unfortunately no experimental work appears to have 
been done on them under cell conditions and only few analyses of the catho- 
lyte liquor are available from which the extent of the reactions might be de- 
duced (see below). 


Reactions in the Catholyte 
The discharge of hydrogen ion at the cathode leaves the equivalent amount 
of hydroxyl ion in the catholyte and losses of this in the cell can occur in 
only two ways:- 
(1) Hydroxyl ion diffuses through the diaphragm into the anode 
compartment where part is discharged at the anode and part 
reacts with dissolved chlorine as dealt with above. The 
pore size of the diaphragm and also the rate of passage of 
brine from the anode compartment to the cathode compart- 
ment are chosen so as to reduce this quantity of hydroxyl 
ion to the point where a reasonable compromise is reached 
between maximum current efficiency and maximum concen- 
tration of sodium hydroxide in the catholyte;** determina- 
tions have been made** of the loss of alkali in this way 
and the figures are set out in Table XV. It is clear that 
diffusion of hydroxyl ions accounts for the major loss of 
alkali. | | 
(2) Hydroxyl ion is used up by reaction with chlorine, hydro- 
chloric acid, hypochlorous acid, and hypochlorite ion 
carried in the brine passing from the anode to the cathode 
compartment. The estimated loss in this way is also 
shown in Table XV, from which it appears that it is small, 
being less than 1% except where the cell is fed with very 
acid brine. 
The following reactions may take place between hydroxyl ion and the sub- 
stances carried into the cathode compartment in the brine from the anode com- 
partment. 
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At the high pH of the catholyte, about 14, almost all the hydrogen ion and 
hypochlorous acid disappear, leaving hypochlorite ion at first the only oxidized 
form of chlorine. The free energy change under standard conditions at 25°C. 
for reaction IV calculated by the author (W.W.S.) from the available data‘*’ is 
AG®° = ~36-62kg.-cal., indicating that at equilibrium the concentration of hypo- 
chlorite ion would be negligible. This subject has been considered on general 
grounds** but no experimental work under the conditions which occur ina 
working cell appears to have been done and no figures for hypochlorite con- 
centrations in the exit catholyte liquor from industrial cells have been re- 
ported, although the presence of hypochlorite is implied.*° However, sodium 
chlorate concentrations of about 0-19 g./l. (about 0-016 g. ClO, per 100 g. 
solution) have been found*? in the catholyte liquor from Gibbs diaphragm cells. 
Such a concentration would explain a current efficiency loss of about 0°4% on 
the hypothesis that the overall loss of chlorine is by the reaction 


3Cl, + GNaOH —> NaClO, + 5NaCl + 3H,O. 
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The conclusion from the above discussion on current efficiency losses in 
diaphragm cells may be summarized thus:- Ne 

(1) nearly all the loss in anodic current efficiency arises from 
the discharge of hydroxyl ion which has diffused through 
the diaphragm from the cathode compartment; : 

(2) the hydrogen current efficiency is nearly theoretical, but 
there is a loss of the cathode product, sodium hydroxide, 
approximately equal in magnitude to the loss in anodic 
current efficiency; 

(3) other reactions such as discharge of sulphate, chlorate or 
hypochlorite, or reactions in the cell to form hypochlorite 
or chlorate, are normally of minor importance. 


Losses in the Handling of Cell Products 

No figures have been reported on losses incurred in the handling of the 
products, but it is clear that a precise knowledge of these losses will depend 
on the accuracy of the determinations of the weights of the cell products and 
final products. Loss of some of the gaseous cell products, chlorine and 
hydrogen, is particularly likely. 


The Electrodes 

As already pointed out, the choice of materials for the electrodes is im- 
portant. For economic reasons, not only has corrosion and the consequent 
need for replacement to be reduced to a minimum but also the chlorine and 
hydrogen overvoltages must be kept as low as possible to conserve energy. 


Anodes 
For anodes, graphite now appears to be the only material in commercial 
use;* amorphous carbon, magnetite and platinum, which had been employed in 


the past,°° have been superseded. Some twenty years ago, a search fora . 


better material than graphite was made and alloys of lead-silver, mercury=lead, 
mercury~lead-silver and silver~lead-manganese were tested® while the use of 
platinum was re-examined.** More recently, attempts have been made to use 
iron anodes surfaced with magnetite,®? iron anodes surfaced with magnetite 
bearing noble metals such as gold, silver, platinum, palladium, iridium or 
rhenium,** and anodes of silicon carbide ot graphite coated with silicon car- 
bide,** but there are no reports that any of these came into commercial use, 
The position of graphite at present therefore seems secure. 

It is less difficult to obtain materials suitable for cathodes because the 
corrosion problem is much less severe than for anodes. Steel appears to be 
in general use as cathode and the reasons for its choice will be given below. 


Graphite as Anode 

Graphite has several advantages as an anode. Thus it has fairly good 
mechanical strength, is of moderate price and has low apparent density and 
electrical resistivity; it also shows good resistance to corrosion under cell 
conditions. In addition, as was remarked above, it has a very high oxygen 
overvoltage which permits the discharge of nearly pure chlorine. On the other 
hand, as the figures in Tables X and XI show, it has a chlorine overvoltage 
which leads to an important loss in energy. It is clear that, ideally, the anode 
material should have a negligible chlorine overvoltage and an oxygen over- 
voltage so high that no oxygen or oxygen products appear in the cell gas. 

The figures given in Table XI for chlorine discharge potentials show that 
these vary with the grade of graphite and thus that graphite with a lower 
chlorine discharge potential than any of those reported may perhaps be ob- 
tainable, 

No determinations of oxygen overvoltage have been made under the condi- 
tions which apply in commercial cells. Figures recently available® are set 
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out in Table XVI. 


TABLE XVI.- OXYGEN OVERVOLTAGES IN VOLTS ON GRAPHITE AND 
SMOOTH PLATINUM IN N-KOH SOLUTION AT 20°. 


Current Density in amp./sq.cm. 
Material Method 0-00001 | 0-0001 ) 


Graphite Direct | QO-31 0-37 ° 1-17 | approx. 20 
Extrapolation to 0-31 0°37 
zero time. 


Direct 0-80 


Extrapolation to | | 0-80 
zero time. | 


While it is not possible to predict from the figures in the Table the exact 
overvoltages which would apply under cell conditions at temperatures of the 
order of 90°, the figures do indicate that these overvoltages must be high. As 
shown above, the potential for the reaction 40H -—> 2H,O +O, + 4e at pH 4 
is + 0.993 Vv. The current density in a commercial cell is of the order of 0+1 
amp./sq.cm. and since the oxygen content of the cell gas is of the order of 1%, 
the current density for hydroxyl ion discharge is about 0-002 amp./sq.cm. for 
which, from the results in Table XVI, an over-potential of around 0-5 V. is to 
be expected. If the over-potential at cell temperature is of this order of mag- 
nitude, then the sum of 0:5 and 0-993 V. is close to the chlorine discharge 
potential and thus the unexpectedly small proportion of oxygen in the cell gas 
is explained. However, the small proportion of carbon dioxide in the cell gas 
cannot be explained in this way. As stated above, the carbon dioxide is sup- 
posed to result from the reaction 


C+4OH —+ CO,+2H,0+4e 


the calculated potential for which is only -0-029 V. at pH 4; this reaction is, 
therefore, much more likely on thermodynamic grounds than the discharge of 
hydroxyl ion to oxygen. The small extent to which the formation of carbon 
dioxide actually proceeds is presumably a consequence of the reaction being 
in this case one between a solid and a gas. 


Usage of Graphite 

The formation of carbon dioxide during electrolysis and in addition the 
erosion of particles of graphite which results from this electrolytic attack and 
from the movement of the brine, mean that the graphite is slowly consumed. 
Widely varying figures are given for the amount of graphite used per ton of 
chlorine made. These figures for graphite used include not only the graphite 
actually consumed in the process but also scrap graphite from the production 
of the anode and material discarded when the anodes have worn to such an 
extent that the current density on them, the electrolyte gap between anode and 
cathode, and consequently the cell voltage, have risen to an uneconomic 
degree. In two modern reviews” graphite usages are given of 8-9 lb. and of 
7-28 Ib. per ton of chlorine: for Gibbs cells a figure of 14 lb. has been 
given*® and for the Billiter cell 17 lb.*° 


Factors influencing the Rate of Graphite Wear 

The rate of wear of the graphite in the cell is affected by the current 
density as well as by the pH, temperature and concentration of the brine in 
the anolyte compartment. The pH of the anolyte brine depends on the pH of 
the feed brine and on the amount of hydroxyl ion which diffuses from the 
cathode compartment, and the latter in turn depends on the efficiency of the 
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diaphragm and on the rate of flowof brine from anode to cathode compartments, 
In recent laboratory studies®”** some of these factors have been examined, 
while in the current efficiency work described above the effect of pH of the 
feed brine was examined in a commercial Hooker Type S cell. The main 
results from the laboratory diaphragm cell are these:- 
(1) when other factors are constant, graphite corrosion rate 
increases by 1-15 - 1-20 g./1000 amp. hr. per 10°C. in the 
range 50-95°C; the relative rates of wear at 50°, 60°, 80°, 
and 95° are 1: 1-7: 3+1: 461; © 
(2) at constant temperature and current density, increase in 
brine feed rate and in sodium chloride concentration of the 
anolyte greatly reduces graphite corrosion rate; 
(3) corrosion of graphite in terms of weight loss per 1000 amp. 
hr. decreases slightly with increasing current density; 
graphite wear per unit time is, however, approximately 
directly proportional to current density. 

In the work on the Hooker Type S cell (Table XV above) reduction of the 
pH of the anolyte had a very marked effect in lowering the carbon dioxide con- 
tent of the cell gas. Thus at pH 0-72 only 0+24% of carbon dioxide was found 
in the cell gas compared with a figure of about 1~2% for normal conditions at 
a pH of about 4. This means a large reduction in the rate of anode wear to 
which the authors draw attention. This reduction is to be expected since the 
rate of the main anode-consuming reaction 


Gi. OH 3 CONF? MOaias 


is presumably proportional to the concentration of hydroxyl ion. 

No work appears to have been done on the effect of variation in the 
quality of the graphite on the rate of anode wear, despite the indication above 
that chlorine overvoltage, and hence possibly oxygen overvoltage and rate of 
wear, varies with different graphites. 


Impregnation of Anodes 

It has been known for many years that impregnation of graphite may reduce 
its rate of wear when used as anode in the electrolysis of brine. Thus as 
early as 1919°° impregnation with various oils was described, and it was 
pointed out that, to avoid the presence of chlorinated products on the anode 
surface, the proportion of oil should be sufficient to cover only the inner sur- 
face of each pore. In 1925 the use of paraffin, linseed oil, chlorinated lin- 
seed oil, naphthalene and chlorinated naphthalene was described, and it was 
emphasized that the degree of reduction in anode wear brought about by the 
impregnant depends on the quality of the electrolyte, very little improvement 
being obtained when pure brine is used.® Further proposals for impregnation 
have been made from time to time®*™ and patents have been obtained for the 
use of such impregnating agents as polydivinylacetylene,® chlorinated fatty 
acids,®° and electrolytically chlorinated linseed oil.’ A theory of the effect 
of the impregnant has also been given according to which the impregnant, if 
properly applied, ensures that electrolysis occurs only at the outer surface of 
the anode and to a certain depth iu the outer pores. In the non-impregnated 
anode, on the other hand, discharge takes place throughout its entire cross- 
sectional area and the oxygen content of the anodic chlorine is higher from the 
pores than from the outside surface, which accounts for the higher rate of 
destruction of the non-impregnated anode. It is pointed out, however, that if 
the impregnation is not carefully done the current density and the potential 
rise to the point where intermediate oxides of graphite are formed which cause 
a rapid destruction of the anode. In view of this, it is not surprising that 
there appears to be no generally accepted figure for the increase in anode life 
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brought about by impregnation and that impregnated graphite is not in general 
use, although it has been reckoned® that about one half of American chlorine 
is made in cells using impregnated anodes. The impregnation is carried out 
by the graphite manufacturer, using proprietary methods. The question of 


impregnation is further discussed later with reference to mercury cells (see 
page 307). | 


Cathodes 

As cathode material, iron or steel appears to be in general use.® They 
have the advantages of cheapness, high strength, good electrical conductivity 
and high corrosion resistance to the mixture of sodium hydroxide and sodium 
chloride in the cathode compartment. As to hydrogen overvoltage, no figures 
appear to have been published giving the results of determinations on a range 
of metals examined under conditions similar to those which occur in the 
cathode compartment of the working cell. However, the figures in Table XVII 
obtained in 1M-sulphuric acid at 25°C. appear to support the choice of iron as 
cathode material, for this is seen to have a lower overvoltage than the other 
common metals with the exception of the much more expensive copper. The 
figures are arranged in order of ascending overvoltage at a current density of 
0.1 amp./sq.cm., approximately the value applying in commercial cells. 


TABLE XVII.- HYDROGEN OVERVOLTAGES IN VOLTS IN 
| 1M-SULPHURIC ACID AT 25°C.” 


Current Density in 
— amp./sq.cm. 


Material 0-01 | 0-1 


Platinum Black 
Platinum 

Gold 
. Copper 

Iron 


Carbon 
Silver 
Aluminium 


Mercury 
Nickel 
Zinc 
Lead 
Cadmium 


No work appears to have been done on the testing of alloys as cathode 
materials having lower hydrogen overvoltages than iron or mild steel, other 
than that recently reported where cathode potentials were determined on iron, 
tungsten and a tungsten-nickel alloy.”° The measurements were made at 
25°C. and at 70°C., at current densities of 0-001-0-2 amp./sq.cm. in a solu- 
tion containing 160 g./l. NaCl and 120 g./l. NaOH and thus resembling the 
normal catholyte. The potentials on iron and tungsten were similar but on 
the tungsten-nickel alloy at 70°C. values lower by 0+13-0+33 V. were ob- 
served, the difference increasing with current density. There is thus some 
indication from this work that alloys with lower hydrogen overvoltages may be 
developed for use as cathodes for diaphragm cells, but obviously their cost 
has yet to be taken into account. 


The Diaphragm me | 
~ Itis shown above that the main loss in current efficiency, around 5% in prac- 
tice, arises from diffusion of hydroxy] ion from the catholyte through the diaphragm 
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into the anode compartment. It is therefore clear that it is important so to 
design the diaphragm that this loss is as low as is compatible with adequate 
brine flow from the anode to cathode compartments at low pressure drop, and 
with low electrical resistance offered by the diaphragm. A further factor that 
has to be taken into account is that if the diaphragm holes are very small, they 
tend to block up very quickly with the residual impurities not removed during 
brine purification so that diaphragm changing becomes unduly frequent. In 
commercial cells a compromise is accordingly reached in which the type of 
diaphragm chosen is that giving minimum total operating cost. 

A great deal of work has been done on diaphragm design and the patent 
literature is extensive. _ 

Many different materials such as quartz, corundum, cellulose,” polyvinyl 
chloride,”? or even alkali chloride have been proposed for use in a cell in 
which both anolyte and catholyte are kept saturated with chloride,’* but the 
diaphragm material in common use is asbestos paper or deposited asbestos 
fibre either alone or mixed with such materials as barium sulphate. %7%”* 

At a current density of 0-08 amp./sq.cm. and at 75°C., approximately the 
conditions found in practice, the resistance of the diaphragm has been given 
as 0-12-0-15 v.,° and this potential drop together with a current efficiency 
loss of about 5% may presumably be taken as representing the best perform- 
ance attainable in present practice. 


The Cell Products 

These are hydrogen, chlorine and a sodium hydroxide-sodium chloride 
solution. A brief account is now given of the procedure by which each of 
these is purified and made available for commerce. 


Hydrogen 

The cell gas, after passing through condensing traps’® to remove most of 
its water content, and drying by sulphuric acid,’”” appears to be sufficiently 
pure for most purposes although no detailed analysis of the gas appears to 
have been published. The hydrogen may be burned with chlorine to give 
synthetic hydrochloric acid’’ or combined with nitrogen to give synthetic 
ammonia.* It is also used for the reduction of molybdenum and tungsten, for 
heating in the processing of manganese and chromium ores, for the production 
of high purity sodium sulphide from sodium sulphate, and for cylinder filling.” 


Chlorine 

In addition to the oxygen and carbon dioxide already shown to be present, 
the cell chlorine contains water vapour in equilibrium with it, adventitious 
air, traces of hydrogen which have diffused through the diaphragm, and small 
concentrations of anolyte spray. Moreover it may contain traces of chlorinated 
organic matter derived from the impregnantin the anodes and anode connexions 
or from materials used for sealing the cell or pipelines, as well as bromine 
from any bromide present in the feed brine. As in the case of the hydrogen, 
most of the water vapour is separated by simple cooling of the cell chlorine 
e.g. to 15°C," in direct-contact water scrubbers, or in ceramic or glass pipes 
through which cooling water is. circulated;* most of the brine mist is also 
removed at this stage. The gas is next dried by countercurrent flow of sul- 
phuric acid, e.g. in ceramic and cast iron towers packed with Raschig rings.’ 
The acid is used until its strength falls to 50-60% H,SO, when it has to be 
reconcentrated in a sulphuric acid plant.4* The amount of sulphuric acid 
used in the drying process depends on the temperature to which the gas was 
reduced in the initial water-cooling and is of the order. of 25lb, per ton of 
chlorine.* After this stage the gas contains about 0-1 mg. of water per litre!® 
and it is then filtered to remove sodium sulphate derived from the action of the 
sulphuric acid on the sodium chloride in the brine spray originally present in 
the gas.” The concentration of the remaining impurities is then reduced by 
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liquefaction of the chlorine. 

The boiling point of chlorine is -34-6°C. and at 30°C. it has a vapour 
pressure of 8-6 atmospheres. The gas can therefore readily be liquefied by 
moderate compression, by refrigeration, or by a combination of these proces- 
ses. A considerable amount of attention has been given to the problem of 
liquefaction by compression alone®** but so far the only lubricant found which 
has the required resistance to corrosion by the chlorine heated by the com- 
pression is sulphuric acid, which is employed both in reciprocating” and in 
rotary’ pumps. Considerable maintenance troubles with the reciprocating 
compressors at the higher pressures” and the low mechanical efficiency of 
the rotary compressor® have meant that some degree of refrigeration has been 
found desirable.’? Thus in some modern plants refrigeration by Freon (see 
pages 142,210) has been used onchlorine compressed to 2~3 atmospheres*?#%85 
and refrigeration with compression is also employed at the new U.S. Govern- 
ment plant at Muscle Shoals, Alabama.*® The liquid chlorine is drained from 
the condenser into storage tanks. The carbon dioxide, oxygen, hydrogen and 
air are not condensed and are purged from the system with the chlorine gas in 
equilibrium with the liquid chlorine under the conditions of liquefaction; this 
weak chlorine purge gas may be utilised for the production of synthetic 
hydrochloric acid’? or of sodium hypochlorite solutions.7%7? In carry- 
ing out the liquefaction, care has to be taken that the proportion of the total 
chlorine liquefied is not so great as to raise the hydrogen content of the purge 
gas beyond the safe limit, variously given as 5%,°7 5»5%,°* 6%®%°° and nor- 
mally taken as 6+7%,*® The proportion of a factory output of chlorine which 
is liquefied depends on whether an outlet for gaseous chlorine is available, 
e.g. for hydrochloric acid or sodium hypochlorite production, within the factory 
itself or in the immediate neighbourhood. The total energy consumed in the 
liquefaction process is about 150 kw.hr. per British ton of chlorine.* From 
the storage tanks, the liquid chlorine is sent into commerce in pressure-tested 
steel cylinders, drums or rail tanks of a wide variety of sizes®* and in tank 
ships.°* Precautions in the handling of liquid chlorine have beén des- 

: a.25 97 : 

Liquid chlorine prepared in this way is substantially free from all the 
original impurities present in the cell chlorine with the exception of relatively 
involatile substances like bromine and chlorinated hydrocarbons, and appears 
to be of sufficiently high purity for use in commerce without further treatment. 
Where commercial chlorine of special quality has been required this has been 
obtained by simple distillation of ordinary liquid chlorine.” Very little in- 
formation (see page 270) is available on the impurities present in commercial 
liquid chlorine and there appears to be no generally accepted specification of 
quality. The impurities present must depend on the quality of the feed brine, 
the type of cell used, and the properties of any materials used for impregnation 
and cell sealing, and it seems clear that if very pure chlorine is needed for 
any purpose, commercial chlorine should be treated by a process such as dis- 
tillation which will remove both more volatile and less volatile impurities. 


Sodium Hydroxide 

The third cell product is a solution containing about 11% by weight of 
sodium hydroxide and 14-15% of sodium chloride, with a small concentration 
of sodium chlorate of the order of 0:02%. Full descriptions are available of 
modern practice in the treatment of this product to give a concentrated sodium 
hydroxide solution and solid salt for re-use in the electrolysis plant.?**”® 
This is done. by concentrating the catholyte in steel and copper evaporators 
until a concentration of 50% by weight of sodium hydroxide is reached. Salt 
separates out at each stage of the evaporation as is shown in Table XVIII 
taken from a report on the operation of the former I.G. plant at Rheinfelden.”® 
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TABLE XVIIL.- EVAPORATION OF DIAPHRAGM CELL CATHOLYTE: 
COMPOSITION OF SOLUTION AT VARIOUS STAGES”® 


g./litre 
Sodium Hydroxide | Sodium Chloride 


Fresh Catholyte 

Stage 1 

Stage 2 

Stage 3 

Stage 4 

Sodium Hydroxide for sale 


eel 


a eee 


Sodium hydroxide solution prepared in this way and containing about 50% © 


by weight of sodium hydroxide and 1% of sodium chloride is suitable for many — 
purposes but its chloride and chlorate contents make it unfit for making 


298 The crude solution may, however, be purified in several different 


rayon. 

(1) by cooling so as to separate one of the hydrates of sodium 
hydroxide such as NaOH,2H,O, NaOH,3-5H,O, or NaOH,- 
7H,O followed by centrifuging and, if necessary, re-eva- 
poration; 

(2) by dialysis followed by re-evaporation; 

(3) by extraction of the chloride and chlorate with liquid am- 
monia. 


q 


Typical analyses of the ordinary quality and of the purified sodium 


hydroxide solutions are given in Table XIX.? 


TABLE XIX.- ANALYSES OF DIAPHRAGM CELL 
SODIUM HYDROXIDE SOLUTION? 


Concentration in weight per cent. in 
| Ordinary Quality Solution | Purified Solution 


Substance 

NaOE 50-00 50- 20 
Na,Co, 0- 1-0-3 0-3 
NaCl 1-00 0-16 
Naclo, 0°-05—0-10 0-0004 
Fe 0-0005 0-0005 
Cu 0-00003 0-00004 


Sodium hydroxide is supplied both as solution of 40-50% concentration 
and in the solid state.*” The solution is shipped in steel drums, road and 
rail tanks of various sizes, and occasionally’ in special tank ships. When 
it is desired to keep the solution as pure as possible, it may be transported 
in Neoprene-lined containers.*** When solid is required, this solution is 
evaporated to 70% sodium hydroxide content®* and is then ‘finished’ in cast 
iron pots heated either by direct firing with coal®® or gas, by electricity! or 


by a heat exchange medium such as diphenyl.°%!°%!% Processes have been 


devised whereby an immiscible diluent such as paraffin?» or diphenyl®® is 
added to the 50% sodium hydroxide liquor, and the water content is removed, 
together with the diluent, by distillation. A typical analysis of the finished 
solid caustic soda is given in Table XX.*® 


' The solid is packed in the molten state into thin sheet steel drums for 
shipment.” 
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TABLE XX.- ANALYSIS OF SOLID SODIUM HYDROXIDE FROM 
DIAPHRAGM CELL PROCESS”® 


Constituent 


96-9 
0-8 
O-1 
2-1 

Nil 

0-06 

0.006 

0-005 

0-0037 

0-0009 


THE ELECTROLYSIS OF BRINE IN MERCURY CELLS 


A very short account of this process, illustrated by the Castner 1893 cell, 
was given in the original Treatise (Mellor,II,36). The process has remained 
basically the same but, as in the case of diaphragm cells, there has been a 
marked tendency for cell capacity to increase as development has proceeded. 
Thus the original cells installed at the end of last century had a capacity of 
about 500 amp.;*°° a circuit of 54 such cells was installed in 1897 at Salt- 
ville, Va. and, mechanically improved in several ways, is still producing 
chlorine.** By 1920 the size had increased to 4000 amp.’ while in 1932 a 
description was given of cells with a capacity of 9000 amp.*® In 1951 cells 
using 30,000 amp. were in routine operation.*°® This great increase in 
Capacity means that cells are now in use each of which would produce almost 
one ton of chlorine per day. 


Main Features of Modern Cells 

In the last decade a considerable amount of information has been pub- 
lished on the operation of modern mercury cells. Thus full constructional 
details are available on the types and operation of cells in use in Germany 
during the 1939-45 war.2%7%7%?°%8 In addition, post-war developments in 
U.S.A. have been described}*348%19%1*4*15 The detailed information published 
on the new Mathieson cells***?***7** in operation in U.S.A. has been used in 
drawing Fig. 2, and in the following description of the main features of a 
modern cell. The cell illustrated is of 30,000 amp. capacity. Fig. 2(a) 
shows a transverse view of the cell and Fig. 2(6) a longitudinal view. - 

The cell consists of two main parts, the electrolyser or brine cell and the 
decomposer or denuder. The brine cell is essentially a closed rectangular 
trough, very long in comparison with its height and breadth, and sloping along 
its length. The base of the cell is a single sheet of steel set on insulated 
feet (not shown). The sides are of rubber-covered steel bolted to the base 
plate and sealed with soft-rubber gaskets. The cover is a single piece of 
steel, reinforced to prevent flexure, and rubber-covered on all parts liable to 
be exposed to attack by wet chlorine and chlorinated brine. The inlet and 
outlet compartments, which close the ends of the cell and house the brine 
inlet, chlorine outlet and brine outlet, are of rubber-lined cast iron. The 
outlet compartment is fitted with a removable cover for cell inspection. The 
graphite anodes, which have saw cuts on their under surfaces to facilitate the 
removal of the chlorine gas liberated there, lie almost horizontally a short 
distance above the base plate, and current is led to them through brass pipes 
which are protected from corrosion by porcelain sleeves. The upper parts of 
the metal pipes are threaded, to permit adjustment of the height of the anodes 
above the mercury layer which acts as the cathode, and the lower parts are 
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Fig. 2, MATHIESON E-8 MERCURY CELL 


attached to lead buttons which are threaded and then screwed into holes in 
the anodes as shown. The graphite round each of these holes is impregnated 
to prevent corrosion by the chlorinated brine which otherwise would penetrate 
to the threaded lead buttons. There are two of these current connections to 
each anode block, and flexible seals as shown in Fig. 2 permit the anode 
assembly to be moved up and down without escape of chlorine from the gas 
space in the cell. Anode and cathode connexions are fitted above and below 
the brine cell respectively. 

The denuder consists of a cylindrical steel tower, flanged at its upper 
end, and having a domed lower end. In the lower part of the tower pieces of 
graphite re held between screens. The upper part of the tower is fitted with 
an amalgam inlet, and with exits for sodium hydroxide solution and hydrogen, 
while the lower part contains a water inlet and an outlet through which mer- 
cury passes to a sump. An electrically driven centrifugal pump draws mer- 
cury from this sump and discharges it into the electrolyser at its inlet end; a 
signal light is fitted, to give warning if the pump motor fails. 

In addition to the above horizontal brine cell, which is the type most used 
to-day,” vertical brine cells were designed and operated in Germany before 
and during the 1939-45 war in order to obtain maximum chlorine output from a 
‘given floor space.**”*”° Here the mercury pump and the decomposer were of 
the type described above but the electrolyser had some novel features. Four 
or five vertical steel discs, about 1+8.m. in diameter and separated from each 
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other by a distance of 11-20 cm., rotate at about 7 r.p.m. and dip into a 
semi-cylindrical steel basin containing amalgam; the surface of the discs 
above the amalgam reservoir thus become coated with amalgam and can then 
be made cathodic. The graphite anodes are set vertically opposite and as 
near as possible to both sides of the discs, above the amalgam reservoir. The 
upper part of the cell encloses the anodes and cathode discs, and contains 
the brine to be electrolyzed; it is made of rubber-lined steel and is run almost 
full of brine. The chlorine is taken off above the brine level and the amalgam 
leaves the cell at the side where it meets the discs travelling downward. The 
brine and amalgam concentrations are similar to those found in the horizontal 
cell described above. One complete cell occupies about 5-5 sq.m. of floor 
area and has a capacity of 24,000 amp. at a cathode current density of 0-17- 
0-24 amp./sq.cm., depending on the exact type of vertical cell used. How- 
ever, cell voltages are high because of the difficulty in adjusting the anode- 
cathode gap, and the hydrogen content of the chlorine is higher than with 
horizontal cells because of the discharge of the amalgam produced by pieces 
of graphite, which fall from the anodes and cannot readily be removed from the 
surface of the amalgam reservoir. As a result of these and other drawbacks, 
chlorine produced in vertical cells costs about 50% more than that made in 
horizontal cells. There is no reference in the literature to any extension of 
the use of vertical cells in Germany in post-war years, or to their adoption in 
any other country, and they need not be further discussed here. 


Operation 

The mercury circulation is first started and then brine at about 60°C., 
purified as described above and containing about 26% of sodium chloride, is 
fed to the electrolyser and water is fed to the denuder. The current is then 
switched on.®” Reaction I, below, then occurs in the brine cell, and reaction 
II in the denuder:- 


NaClsoin. +t Hg — NaHg + ACI,........ mone. 
NaHg +H,O — NaOH +/4H,+Hg.......06. II 


where NaHg represents a dilute sodium amalgam. It should be noted that in 
reaction I only a fraction of the total brine entering the cell is electrolyzed in | 
practice, and that in reaction II the amount of water actually used is that 
necessary to decompose the amalgam and form a sodium hydroxide solution of 
the concentration required. , 

The chlorine formed at the anode leaves the cell saturated with water 
vapour at the prevailing brine concentration and cell temperature. In addition, 
it contains a small amount of hydrogen, normally of the order of 1% by volume 
of the chlorine, formed by discharge of hydrogen ion at the amalgam surface 


‘Sipe Oar ere aA = bayer gh eens III 


The rate of circulation of the mercury is adjusted so that the sodium content 
of the amalgam leaving the brine cell is 0-1-0+2% by weight. The amount of 
water used in the denuder is normally that required to give a solution contain- 
ing about 50% by weight of sodium hydroxide. The hydrogen produced in the 
decomposer leaves the system saturated with water vapour at the prevailing 
temperature and concentration of the sodium hydroxide with which it is in con- 
tact;°? the hydrogen also contains traces of mercury vapour.” 

The brine is fed to the cell at such a rate that the sodium chloride con- 
centration in the exit brine is about 23°5%.°’ The exit brine, containing 
small proportions of hypochlorous acid and chlorate formed in the cell, is 
treated with the small amount of hydrochloric acid needed to convert these into 
chlorine, which is then removed from the hot brine and recovered by extraction 
under vacuum followed by air-blowing,®”"? or by air-blowing alone.** 

The dechlorinated brine is next resaturated by passing through fresh solid 
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salt and is again purified (see page -275), in order to remove impurities, 
especially iron and magnesium, which have a harmful effect on cell perform- 
ance. The magnesium, as well as calcium and sulphate, is present in the 
solid salt, while iron or other elements may be introduced in minute concen- 
trations from the graphite anodes during the electrolysis.’** Purified brine, 
slightly acidified by hydrochloric acid, is thus again available with a sodium 
chloride concentration of about 26%. 

The main features in the operation of a mercury cell plant may be sum- 


marized thus:- 


Hydrochloric Acid 


BRINE 
DECHLORINATION 


BRINE 
RESATURATION 


Recovered Chlorine 
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Electrolysis 


Hydrochloric Acid Mercury 


Conc. Purified Brine ee 
ELECTROLYSIS | : 


Sodium 
Amalgam 


Pure Water 


| DECOMPOSITION OF AMALGAM 


50% NaOH Wet Hydrogen Wet Chlorine 


Further consideration will now be given to the various aspects of the 
operation of the electrolyser and denuder, and to the treatment of the three 
cell products, chlorine, hydrogen and sodium hydroxide. The purification of 
the brine has already been dealt with (see page 274) and will be mentioned 
again only in relation to the effect of impurities in the brine on cell operation. 


Energy Consumption in the Cell 
The electrical energy in kilowatt-hours consumed in the production of one 
ton of chlorine, E = 76,810 , where V is the cell voltage and C the 
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preemies current efficiency, follows from a simple application of Faraday’s 
aws. | 

With modern cells, the voltage is that determined for the brine cell be- 
cause, unlike earlier cells, these have no provision for attempting to recover 
electrical energy from the operation of the denuder, this apparently having 
been abandoned as uneconomical.’ In computing the energy efficiency 
below, however, it is assumed that the denuder should theoretically be able to 
yield electrical energy and, therefore, the practical figure for energy efficiency 
is obtained by dividing the energy theoretically required to produce sodium 
hydroxide and chlorine from the brine, i.e. the reference figure 1682 kw.hr. 
(see page 278), by the electrical energy actually consumed in the operation of 
the electrolyser. The minimum energy requirement obviously results when the 
electrolysis is done at the reversible voltage and when 100% current efficiency 
is obtained, i.e. in the complete absence of any cell reaction other than (I) 
above. Figures of +1-334V. and -1-738V. have been given for the reversible 
anode and cathode potentials at 65°C. with 25-5% sodium chloride in the brine 
and 0-02% by weight of sodium in the amalgam.*”* Other values may be de- 
duced from results recently published, by extrapolating to zero current density 
figures for the variation of anode and cathode potentials over a range of cur- 
rent densities.““* The figures obtained in this way for the anode and cathode 
potentials at zero current density are +1-33 and -1-70V., giving a reversible . 
voltage of 3-03 which applies to the following average conditions under which 
these experiments were done:- brine concentration 24-7% NaCl, sodium con- 
centration of amalgam 0-05% by weight, temperature 67-5°C. These are near 
the conditions under which modern cells work, as shown above, and so 3-03V. 
may be used as an approximate value for the reversible voltage under practical 
cell conditions. With this value for V in the above equation it follows that, 
at 100% current efficiency, the theoretical energy requirement is 2327 kw.hr. 
per ton of chlorine. 

The figures in Table XXI have been published for the energy consumption 
at different current densities on a 15,000 amp. Mathieson cell similar to the 
type described above.*** The energy efficiencies in the Table have been. 
calculated from the reported energy consumption figures and the theoretical 
value, 2327 kw.hr. 


TABLE XXI.- ENERGY CONSUMPTION IN THE MERCURY CELL PROCESS 
Data for Mathieson Cell 


Cell Current: amperes 6,250 
Anode Current Density amp./sq.cm. 0.1 
Chlorine per cell per day: tons* 0-180 


Average Cell Voltage 3°73 
Current Efficiency: % . 95 
Energy Consumption: kw.hr./ton of chlorine* | 3,001 
Energy Efficiency: % 56:0 


* These are the published figures converted to British tons; the 
figures for chlorine output and energy consumption derived from the 
other results in the Table are slightly different. 


A somewhat higher figure, 3678 kw.hr. per ton of chlorine, giving an 
energy efficiency of 457%, is reported for German cells of 5 sq.m. cathode 
area using 13,400 amp. at a cathode current density of 0-268 amp./sq.cm. 
The reasons for the loss in energy efficiency are discussed below (see also 


page 299). 


Voltage ag 
It has been shown that under normal working conditions the cell voltage is 
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around 4V., depending on the current density being used. This voltage is 
considerably higher than the approximate reversible voltage, 3-03V. The 
reasons for the difference are similar to those already given in the section on 
diaphragm cells and are as follows:- ' 

(a) there is a high overvoltage of chlorine at the anode and a 
small overvoltage of sodium at the cathode; 

(b) there are potential drops through the electrolyte gap, 
through the anode and cathode leads, and through the 
various contacts. 

A detailed account is given in a recent paper of the contribution made by 
each of these factors in a modern de Nora mercury cell, the principles of 
which are similar to those of the Mathieson cell described above.*** The feed 
brine used in the experiments had the following average composition:- sodium 
chloride 305 g./l., sodium sulphate 2-4 g./l., sodium chlorate 1-2 g./l. and 
calcium sulphate 0-05-0-5 g./l. In the earlier experiments the brine con- 
tained 0°01-0+1 g./l. of sodium hydroxide and 0-01-0+2 g./l. of sodium car- 
bonate, but later the cells were fed with acid brine containing 0-01 g./l. of 
hydrochloric acid. The exit brine from the cell contained 275 g./l. of sodium 
chloride and thus the average concentration was 290 g./l. The average cell 
temperature was 67+5°C, and the average concentration of sodium in the amal- 
gam was 0-05% by weight. The graphite used as anode was of British Ache- 
son type X and it had been in use for 6 weeks before the anode potentials 
given in Table XXII were determined. 

It is pointed out that it was not possible to obtain very accurate results 
for the anode and cathode potentials or for the potential drop in the electrolyte 
since a change in position of the tip of the calomel electrode used in the 
measurements by as little as 0-8 mm. caused a variation of 30-40 millivolts 
in the reading. 


TABLE XXII.- VOLTAGE DISTRIBUTION IN A DE NORA MERCURY CELL™* 


Potential (negative) in volts 


Current: amperes 

Anode Current Density: amp./sq.cm. 
Cathode Current Density: amp./sa.cm. 
Anode Potential 

Cathode potential 


Potential Drop in 4°8 mm. electrolyte 
Potential Drop in Conductors! 
Potential Drop in Contacts 

Cell Voltage 


Note: 
1 includes inter-connecting bus bars, anode equalising bar, branch 


band, anode collar, graphite rod, graphite anode plate, mercury 
cathode, cathode plate- cathode bar. 

2 includes bus bar/anode, copper equalising bar/branch band, branch 
band/anode collar, anode collar/graphite rod, graphite rod/graphite 
plate, mercury/steel plate and cathode bar=bus bar. 


The approximate reversible chlorine potential under cell conditions ob- 
tained by plotting the anode potentials to zero current density is +1-33V., and 
this indicates that the chlorine overvoltages reached the high figure of 0-5V. 
at 0-368 amp./sq.cm., the highest current density for which results are given. 
At the lowest current density, 0-123 amp./sq.cm., the anode potential, 1-50V., 
is in good agreement with Stender’s results given in Table X (page 278). 

The cathode potential extrapolated to zero current density is -1-70V., and 
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the over-potentials thus range from 0-04 to 0-120V. at the current densities 
studied. These over-potentials are much lower than those applying at the 
anode, in agreement with the fact that the highest values for over-potential are 
obtained when gases are liberated at an electrode. The cathode potentials 
determined in this work are about 0-lv. lower than those given in earlier 
work,’** but are close to those reported in some German work.+#® They are 
also close to results given in 1953 by Russian workers who determined amal- 
gam potentials at different current densities, temperatures and sodium concen- 
trations.’*° This work was done on a laboratory scale, and a stirred cathode 
was used which was separated from the anode by means of a diaphragm made 
of sintered glass. Those results which are most relevant to mercury cell 
operation are summarized in Table XXIII. 


TABLE XXIII.- VARIATION OF SODIUM AMALGAM POTENTIAL WITH 
CURRENT DENSITY AND SODIUM CONCENTRATION?!*6 


Sodium Chloride Concentration 300 g./l.: Temperature 65°C. 


Current Density amp./sq.cm. 


Sodium in Amalgam, 
Percent by Weight 


Potential in Volts 


The values for the potential drops through 4-8 mm. of electrolyte are close 
to those derivable from the figures in Table XIII and suggest that the resis- 
tance resulting from the chlorine gas bubbles liberated on the underside of the 
anodes is not included under this head. It thus seems probable that the gas 
bubble resistance, not specifically allowed for in Table XXII,is included in 
the figures for anode potential. 

The figures in Table XXII thus readily explain the divergence between the 
theoretical and working voltages in a mercury cell and explain the directions 
in which savings in voltage have been attempted. Thus the resistance arising 
from the gas bubbles is an important factor, as shown by the attention given 
in modern cells to slotting and drilling of the anodes to facilitate gas re- 
lease.*®*4145 Again, a claim has been made that a decrease in voltage is 
achievable by adding to the brine 0-001-0-02% of a substance which exerts a 
wetting action at the graphite surface, and in this way reduces the chlorine 
gas film resistance.’?’ The important amount of energy lost through resistance 
of the electrolyte emphasizes the need to keep to a minimum the electrolyte 
gap between anode and cathode, and in modern cells this is achieved by fre- 
quent movement of the anode to compensate for anode wear, °41*41*5128459 The 
possibility of reducing chlorine overvoltage at the graphite anode has already 
been discussed in the section on diaphragm cells. The cathode potential at 
current densities of 0-1-0-3 amp./sq.cm. is reduced by 0-04-0-07V. by 
diminishing the sodium content of the amalgam from 0-2 to 0-02%,*™* but this 
saving in voltage is gained at the expense of the extra energy required for the 
more rapid circulation of the amalgam. 


Current Efficiency 
As in the case of the diaphragm cell, it is customary and convenient to 
express the current efficiency as the per cent. ratio of the weight of sodium 
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hydroxide produced to that theoretically liberated by the quantity of electricity 
used, despite the fact that in the mercury cell the cathode product is, strictly 
speaking, sodium amalgam, which has to react with water in a separate part of 
the apparatus to give the solution of sodium hydroxide. No information ap- 
pears to have been published giving both cathode and anode current ef- 
ficiencies for mercury cells, although it is normally assumed that they are 
equal. | 

No detailed current efficiency studies on mercury cells have been made of 
the kind published for diaphragm cells,** and so the reason for the losses in 
current are much less clear. These losses amount to 4~ 10%,710%!15132 As 
with the diaphragm cell, there may be leakages of current to earth, or current 
may pass from anode to cathode non-electrolytically. For reasons similar to 
those given for diaphragm cells, this loss is probably small. Since mercury 
cell sodium hydroxide is more easily processed than the mixture of sodium 
hydroxide and sodium chloride made in the diaphragm cell, it may be assumed 
that losses in the working up of the mercury cell products will be smaller than 
in the case of diaphragm cells. This leaves three main sources of current 
loss; that resulting from the discharge of hydroxyl ion instead of chlorine at 
the anode, that arising from the discharge of hydrogen ion instead of sodium 
ion, giving hydrogen in the cell chlorine, and that arising from cathodic reduc- 
tion of chlorine dissolved in the brine. These are now dealt with in turn. 


The Discharge of Hydroxyl Ion at the Anode 

Hydroxyl ion as well as chloride ion is discharged at the graphite anode, 
and the general theory, discussed above for diaphragm cells (see page 281), 
applies here with the difference that the pH of the brine in the mercury cell is 
probably about 2 (see next page), while in the anolyte of the diaphragm cell it 
is about 4. The proportion of carbon dioxide by volume in the chlorine from 
mercury cells depends on cell conditions, and figures of 0-3-1:5% have been 
given.’°"7#15 This involves a loss of anodic current efficiency of 0-6=3-0% 
since the reaction involved is held to be 


40H’ +C —> CO, +2H,0 + 4e 
as compared with the main anode reaction 
2Cl’ — Cl, + 2e. 


The effect of various factors on the amount of hydroxyl ion discharged is 
dealt with later (see page 306). 


The Discharge of Hydrogen at the Cathode 

As pointed out above, the reaction H* +e > % H, takes place to a small 
extent in the brine cell. This hydrogen is carried from the cell in the chlo- 
rine, where it is found in the proportion of about 1% by volume.?%!8#25 This 
means a loss of current efficiency of about 1%. 


Theory 
At first examination, it is surprising that the extent of hydrogen ion dis- 
charge should be so small, since the electrode potential of sodium is so much 
more negative than that of hydrogen. In solutions of unit molality of hydrogen 
ion and of sodium ion at 25°C., these standard potentials are respectively 0 
and -2-/1v. The conditions in the working cell are, however, quite different. 
and the following factors have to be taken into account:- 
(a) the sodium ion concentration in the electrolyte is high and 
that of hydrogen ion is low; 
(b) sodium is soluble in the mercury cathode and compound 
formation occurs; 
(c) iS hydrogen overvoltage at a mercury cathode is very 
igh; ' | 
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(d) the hydrogen ion concentrations near the cathode surface 
may possibly be extremely low. 

In practice, a concentrated sodium chloride solution, about 5 molal, is 
electrolyzed, the hydrogen ion concentration of the solution being controlled 
by the chlorine hydrolysis reaction discussed with reference to diaphragm cells 
(see page 283). No figures appear to have been published on the pH of the 
brine in mercury cells, but an estimate may be made from the results given in 
Table XV on the pH of the anolyte in a diaphragm cell. The results for run 
23 may be taken as indicating that the brine in mercury cells has a pH of 
about 2, since in this run the anolyte sodium chloride concentration was close 
to that of the brine in mercury cells, and the amount of alkali entering the 
anolyte was somewhat smaller than that liberated in mercury cell brine by 
hydrogen discharge at the cathode and equivalent to the normal 1% of hydrogen 
in the cell gas. 

The solubility of sodium in mercury with compound formation results in 
sodium discharge potentials which, as shown above, are only about -1-8V. in 
a working cell at a current density of about 0-2 amp./sq.cm. Measurements 
have been made of the variation of potential with current density for the dis- 
charge of sodium and potassium ions from concentrated aqueous solutions of 
their chlorides and hydroxides. The polarization potential, 7, was related to 


the current density D* by the expression ee = -0-058 log (1 + i where K, is 
XV 


proportional to the initial concentration of the amalgam and the rate of flow of 
the mercury. It was considered that polarization is not caused by delayed 
discharge or by oversaturation but probably arises through delayed diffusion of 
sodium or potassium into the mercury. Results from a stationary mercury 
cathode, with constant stirring of the solution, confirm these conclusions and 
show that K, does not depend on the solvent used.**? 

On hydrogen overvoltage in mercury, determinations have recently been 
made under some of the conditions which apply in practice. It has been 
_ shown that the constants of the Tafel equation, 7 = a-b log i, on mercury, in 
hydrochloric acid solution of concentrations between 0-01N. and N., are a= 
~1-395 and b = 0-113 for the current density range 10°°~10°** amp./sq.cm., 
and that the temperature coefficient of overvoltage is about -0-003V./°C. rise 
in temperature.**? When a commercial cell is working at a cathode current 
density of 0-2 amp./sq.cm. the current density applying to hydrogen ion dis- 
charge is only about 1% of this, since in practice this is the proportion of the 
current which causes hydrogen formation. On this basis the hydrogen over- 
voltage on mercury in a working cell in brine at 20° is -1-09V. at 70°C.; the 
value on the above temperature allowance would be approximately -0-94V. 
Since the hydrogen potential is zero at unit hydrogen ion concentration, this 
means that the actual hydrogen discharge potential at the mercury surface is 
-0.94V. at unit hydrogen ion concentration. In experiments with the dropping 
mercury cathode, it has been shown that the dependence of the discharge 
potential of hydrogen ion in acid solutions on the concentration of hydrogen 
_ ion is given by 

ART 4G, 

7 7, = —— In 

_where 7, and 7, are the potentials, C, and C, the hydrogen ion concentrations, 
and where R, T and F have their cea) meaning. Hence at pH 2 and at 
70°C, the. hydrogen discharge potential is -0-94-0-28 = -1-22V. This is far 
below the working cathode potential, -1-80V., a potential which, on the basis 
of the hydrogen overvoltages in mercury, should cause the whole cathode pro- 
cess to be one of hydrogen ion discharge. A suggested explanation of 
this discrepancy, and of the small proportion of hydrogen ion actually dis- 
charged, is that near the amalgam surface the hydrogen ion concentration is 
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much lower than in the bulk of the electrolyte.’*? To cover the difference, 
-0-58V., between the observed -1-80V. and the calculated -1-22V., there 
would have to be, on this supposition, a reduction of hydrogen ion concentra- 
tion to 10°* of that obtaining in the bulk of the electrolyte, i.e. the pH of the 
electrolyte near the amalgam surface would be about 6. A suggestion has 
been made that the pH of the brine layer near the amalgam 1s about 9, but no 
experimental work to determine the value appears to have been done. *** 


Effect of Impurities 

While no complete explanation has been given for the very fortunate result 
that only a small proportion of hydrogen ion is discharged at the cathode under 
normal working conditions, much information has been collected on the various 
impurities which influence this proportion, 

The reason for the emphasis is that safe working of the brine cell demands 
that only very small proportions of hydrogen are liberated into the chlorine. 
This is normally achieved in routine operation but, even in modern plants, 
dangerously large concentrations of hydrogen sometimes arise because of im- 
purities in the brine. In a recent example of this, the high hydrogen content 
of the chlorine was traced to impurities present in the graphite anodes.***** 
It may be noted that, once the hydrogen has been produced, the cell gas may 
be treated so as to effect combination of the hydrogen with its equivalent of 
chlorine either by heating,**°*** or by photochemical means.**°*4? However, 
this procedure, which was tested in Germany during the last war, has not been 
reported as being used in the most modern cell plants. 

Fifty years ago the harmful influence under certain conditions of magne- 
sium, iron, nickel and cobalt in the feed brine was recognized as well as the 
fact that calcium, in concentrations up to the limit of its solubility in the 
brine as calcium sulphate, had little effect on hydrogen discharge.*** About 
the same time, the influence of even extremely small concentrations of im- 


purities on the rate of decomposition of sodium amalgam was shown by adding.. 


amalgam to two tubes, one containing ordinary distilled water and the other 
containing water of very high purity. Vigorous liberation of hydrogen occurred 
in the tube containing the ordinary distilled water but little action took place 
in the other.*** Since then, determinations have been made of the influence 
of many impurities in the brine on discharge of hydrogen at the cathode. The 
effects of cationic impurities are summarized in Table XXIV. Included in the 
table are results obtained under laboratory conditions on the decomposition of 
amalgam in the absence of sodium chloride; it is not known how far the results 
so obtained apply to working cells, but the variation in several of the results 
may possibly arise because the method of test was not the same in all 
Cases, 1355145147 

These effects on amalgam decomposition are sometimes detectable at 
extremely low concentrations of the impurity: This is borne out in a recent 
investigation where sodium amalgam was shaken with buffered sodium chloride 
solutions to which the impurity had been added, and the rate of hydrogen 
evolution was then determined.*** Thus the rate of hydrogen production was 
mote than doubled when 0-125 mg. per litre of vanadium was present in the 
brine. In addition, an important effect known for many years, the promoting 
action of one impurity on another in bringing about hydrogen formation, '** has 
been investigated in more detail.'**"*° Thus it was found that, although 2-5 
mg. per litre of iron alone had little effect on the rate of hydrogen production, 
the addition of only 0+25 mg. per litre of iron more than doubled the rate ob- 
tained when 0-125 mg. per litre of vanadium was present. Similar effects 
were detected with copper and vanadium, arsenic and vanadium and, toa 
lesser extent, with iron and magnesium. No theories appear to have been 
advanced to account for these facts, other than the suggestion that the metals 
which markedly accelerate amalgam decomposition are those which have a very 
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TABLE XXIV.- INFLUENCE OF CATIONS IN FEED BRINE ON HYDROGEN 
DISCHARGE AT THE CATHODE IN A MERCURY CELL 


Cation Influence 
Aluminium | Very harmful;**® harmful;'**"*° little effect. ?*9 
Arsenic Little effect alone; acts as promoter.!” 
Barium Harmful;*!? no effect.!35*8 
Calcium Harmful;*** doubtful;**? no effect, *25135143,150151 
Chromium Very harmful, 142435 
Cobalt Harmful;**? no effect.'*® 
Copper Harmful;**’ slightly harmful;** little effect 

alone, acts as promoter.'*® 

Iron Very harmful;*** harmful;*? variable; *** little 


| effect alone, harmful with Mg;**? little effect 
alone, acts as promoter,?*5 
Lead Harmful;*** no effect.?>? 
Magnesium | Harmful;'!2#!5!4815! variable;!*6 no effect alone: 
acts as promoter’ with iron,*** 
Manganese | No effect.?*5 
Molybdenum | Very harmful.*!2+%5 


Nickel Very harmful;?*? no effect.?** 
Silver Little effect.’ 

Tantalum Very harmful. !* 

Titanium Harmful;?*° fairly harmful.?*° 
Tungsten No effect.'*5 

Vanadium Very harmful, 
Zine No effect.2*7 


low solubility in mercury,**’ but the practical outcome of these recent results 
is an emphasis of the importance of the thorough purification of the brine for 
use in mercury cells,-as shown in a recent patent for the use of a lead salt for 
the precipitation of anionic vanadium, chromium and molybdenum.*** 

According to a recent patent,*** control of the pH of the brine in the cell 
within the range 1-7—3+5 minimizes hydrogen ion discharge at the cathode. 


Effect of Anions 

The effect of various anions on the decomposition rate of sodium amalgam 
has been examined by shaking amalgam with buffered sodium chloride solution 
to which the anion has been added, followed by determination of the rate of 
evolution of hydrogen.**®> It has been shown that bromide and iodide contents 
up to 0-1 g./l. in the brine have no effect, and that chlorate in a similar con- 
centration has also no influence. Sulphate up to a concentration of 8 g./l. 
and fluoride in low concentrations are harmless. Nitrate increases the de- 
composition rate. A very interesting result of this: investigation is that 
anions such as silicate and stannate are able to reduce the harmful influence 
of such metals as vanadium and molybdenum. Thus the harmful effect of 0+5 
mg. per litre of vanadium was completely annulled by the addition of 10 mg. 
per litre of silicon as sodium silicate, and the influence of 1 mg. per litre of 
vanadium was annulled by 5 mg. per litre of tin as sodium stannate. Similar 
but less pronounced effects were obtained with borate and with pyrophosphate. 
The beneficial effect of these anions is ascribed to their ability to form com- 
plexes with the harmful metal. The use of silicate to reduce losses of current 
efficiency has recently been patented.**° 


Effect of Amalgam Concentration 
Under normal conditions the sodium content of the amalgam leaving the 
electrolyser is 0-1-0+2% by weight. If this proportion should increase, e.g. 
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through incomplete removal of the sodium from the amalgam in the denuder, the 
hydrogen content of the cell gas may rise above the normal figure of about 
1%;14245 no figures appear, however, to have been published giving the exact 
relation between hydrogen content of the cell gas and the sodium content of 
the amalgam. 


Effect of Sodium Chloride Concentration 


The hydrogen content of the cell gas increases as the average concentration - 


of sodium chloride in the brine is reduced.**7"** Table XXV is derived from 
some recent results.*** 


TABLE XXV.- EFFECT OF SODIUM CHLORIDE CONTENT OF BRINE ON 
HYDROGEN CONTENT OF CELL CHLORINE. FEED BRINE AT 40°C. 


Hydrogen in Chlorine. 
% by volume 


0.23 


| Mean NaCl Content | 
g. per. l. 


Cell Voltage 


Effect of Temperature 

This was investigated in Germany in 1938.5” A range of cell temperatures 
was obtained by passing the feed brine to a works cell through a heater but, 
unfortunately, only the brine temperatures are quoted and not the more impor- 
tant cell temperatures. The average sodium chloride concentration of the 
brine is not stated but from other information’* was probably about 24-7%. 
The average sodium.content of the amalgam leaving the cell was 0-104% by 
weight. 


TABLE XXVI.- INFLUENCE OF TEMPERATURE ON HYDROGEN:CONTENT 
OF CELL CHLORINE.}7 


Feed Brine Temperature °C. | Voltage Hydrogen in Chlorine: % by volume 


The Reduction of Dissolved Chlorine 


Since the loss of current efficiency from discharge of hydrogen ion is only 


about 1% and the total current efficiency loss as given above is 4=10%, by 
far the more important part is that resulting from cathodic reduction of chlorine 
dissolved in the brine. This reduction may be represented thus:- 


Yo lat ee 


l.€., it is a direct reversal of the main reaction at the anode which, as shown 
above, occurs at a potential, under cell conditions, of about +1-33V. The re- 
duction process can occur at potentials more negative than this and, since 
the amalgam potential is about -1-8V., it is to be expected that it would 
occur in preference to discharge either of sodium ion or of hydrogen ion. The 


process may also be regarded as one involving a reaction between the dissolved 
chlorine and the sodium in the amalgam:- 
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NaHg +4 Cl, > Na* +Cl” + Hg 


and the net result is the same in both cases. It should be noted that the loss 
of chlorine in this way affects both the anode and cathode current efficiencies 
to the same extent. 

Despite the extent of the loss of current efficiency in this way, there has 
been no publication of any results on works cells on the effect of such factors 
as current density, temperature and sodium chloride concentration, which 
might be expected to influence the extent of the loss. In laboratory work 
carried out over 40 years ago there were indications that current efficiency 
increased with current density and decreased with increasing sodium content 
of the amalgam, but it is not clear how far these conclusions can be applied 
to technical cells.*77*** It may be pointed out that in the reports on the war- 
time German chlorine industry, as well as in those dealing with post-war 
mercury cell installations elsewhere, current efficiencies of 94-96% are 
quoted as applying at anode current densities of 0-1-0-37 amp./sq.cm. °*%'#5 

Recently, work has been done in Russia, using laboratory cells in which 
the chlorine formed at the anode was kept from the compartment containing the 
mercury cathode by means of diaphragms of sintered glass. It has been shown 
that in the electrolysis of pure sodium chloride solution containing 300 g./lI. 
of sodium chloride at 25°C. and at a current density of 0-15 amp./sq.cm., a 
current efficiency on sodium of 99% is obtainable; on the other hand, when 
chlorine was present to the extent of 0-44=-0-57 g./l. in the catholyte, current 
efficiencies of only 85-9-94.9% were obtained at 35-55°C., at 0-15 amp./ 
sq.cm.**® Copper and iron in the mercury, and iron in the solution, also re- 
duced current efficiency. In a previous paper the authors showed that when 
chlorine or hypochlorite is present in the electrolyte, the rate of loss of 
sodium from the amalgam is greatly increased by stirring.*®° -In the most re- 
cent publication, results are given showing the dependence of sodium current 
efficiency on temperature, current density and sodium concentration in the 
amalgam.*7© These indicate that current efficiency increases with current 
density and decreases with sodium concentration and temperature. Again, 
however, the precise bearing of these laboratory cell results on current ef- 
ficiency losses from cathodic reduction of chlorine dissolved in the brine in 
works cells is not clear. 


Losses in the Handling of Cell Products 

As with the diaphragm cell process, no figures have been reported. It 
might be expected that the loss of sodium hydroxide would be less in the 
mercury cell process, since this produces a concentrated solution requiring 
much less further treatment than diaphragm cell liquor. 


The Anode 

Apart from the higher acidity of the electrolyte in the mercury cell, the 
corrosive conditions to which the anode is exposed are similar to those ob- 
taining in the diaphragm cell and, for reasons similar to those already given 
in that connexion, graphite is now universally used as anode material. 
Chlorine discharge potentials on graphite and a theory for the wear of graphite 
under cell conditions have already been given (see page 287). 


Usage of Graphite 

As in the case of the diaphragm cell, a wide range of figures has been 
quoted for the graphite consumption. Thus values of 9-13 lb. and of 6~22 
lb. per British ton of chlorine have been given in recent reviews.** However, 
the consumptions obtained in the most recently erected plants appear to be at 
the lower end of these ranges and figures of about 7 lb.*” and 8 1b.*%** per 
British ton of chlorine have been quoted. All the figures refer to total graphite 
usage, which includes losses in fabrication of the anodes and losses as spent 
anodes. 
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Factors Influencing the Rate of Graphite Wear 
As in the diaphragm cell, the main cause of anode wear has been assumed 
to be electrolytic oxidation by the reaction . 


CPAOH CO, #2H.0 + 4e . 


which gives carbon dioxide in the cell chlorine. No figures have been quoted 
for the loss which presumably occurs through erosion of the graphite by the 
mixture of brine and chlorine gas bubbles moving past its surface. | 
The rate of anode wear should thus depend largely on the pH of the brine — 
in the cell, which in turn will depend on the pH of the feed brine to the cell 
and on the amount of hydroxyl ion liberated by discharge of hydrogen ion at ; 
the amalgam cathode. Therefore attempts have been made to reduce anode © 
wear by adding hydrochloric acid to the feed brine, to keep the pH of the 
electrolyte as low as possible,** and in a recently erected plant provision has 
been made for the feed brine to be adjusted to pH 2-5,*” 
The importance of keeping the sodium chloride concentration in the elec- : 
trolyte as high as possible is made clear from the results in Table XXVII. 


x 
7 
TABLE XXVIL.- EFFECT OF SODIUM CHLORIDE CONTENT OF BRINE ‘ 
ON CARBON DIOXIDE CONTENT OF CELL. CHLORINE" 

q 


Feed Brine at 40°C. 


: Mean Sodium Chloride Content | Cell Voltage | Carbon Dioxide in Chlorine 
g.perl. - per cent by volume 


The effect of temperature on anode wear, as judged by the proportion of 
carbon dioxide in the cell gas, has also been examined but, unfortunately, only 
the brine feed temperatures are quoted and not the more relevant mean cell — 
temperatures.**” The mean sodium chloride concentration was probably about 


24-5%, while the average sodium content of the amalgam leaving the cell was 
0-104% by weight. } 


TABLE XXVIIL - INFLUENCE OF TEMPERATURE ON CARBON DIOXIDE : 
CONTENT OF CELL CHLORINE*” | ; 


Feed Brine Temperature °C. | Voltage | Carbon Dioxide in Chlorine 
per cent by volume 


Figures have also been given for the effect of sulphate in the brine on 
graphite loss but the conditions of temperature, brine concentration and current © 
density to which the results apply are not stated'*® (see Table XXIX). | 

In some German work a large increase in anode wear was observed when © 
the brine contained about 14 g./l. of sodium sulphate.*** It may be inferred — 
from these results that sulphate at the concentration sometimes occurring in 
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TABLE XXIX.- EFFECT OF SULPHATE IN BRINE ON ANODE WEAR 


Sodium Sulphate | Anode Wear in lb. per British 
g./l. Ton of Chlorine 


53 


feed brine (see Table VII, page 275) may cause anode wear about 20% higher 
than would occur with sulphate-free brine. 

No measurements appear to have been made of the effect on anode wear of 
chlorate, which is formed to some extent in the cell and in the plant for re- 
saturating and purifying the cell exit brine. The reaction by which chlorate 
is formed appears to be: 


NaOCl + 2HOC] — NaClO, + 2HCI, 


and the reactants are formed as a result of the slight decomposition of the 
amalgam in the electrolyser.**? The chlorate appears to have little effect on 
anode wear at concentrations normally found, and even at 10 g./l. of sodium 
chlorate the effect is considered slight.**5*® 

A considerable amount of work has been done in Germany on the effect on 
anode wear of variation in the quality of the graphite itself.*7**®*°’ By run- 
ning test cells at current densities of 0-34-0-71 amp./sq.cm., a large number 
of different graphites were examined; the conclusion reached was that Ache- 
son graphite was the most corrosion-resistant material and that the best Ger- 
man material was that prepared from German petroleum coke. *®**”° 

Attempts to reduce anode wear were made in Germany during the War by 
impregnating the anodes with a variety of organic substances such as oils, 
waxes, synthetic rubbers and resins.*”* A considerable amount of destruction 
of the graphite was reported with some of the substances, particularly the 
rubbers and resins, but no information is available on the outcome of this 
work or as to whether impregnated anodes are used in mercury cells in other 
parts of the world. It may be significant, however, that there is no reference 
to the use of impregnation in the most modern mercury cell plants except for 
the protection of the metal part of the anode lead-in.***® 


The Mercury Cathode 

Mercury has certain obvious advantages as a cathode. It is liquid over 
the whole of the range of operational temperatures. It has a fair solvent 
power for sodium, about 0-65% by weight of sodiumdissolving at 25°C. and 
about 0-91% at 80°C.172 Moreover, sodium forms compounds with the mercury 
with the fortunate result that it is possible to discharge sodium from the brine 
at an amalgam potential, as discussed above, of only about ~1-8V., as com- 
pared with the normal sodium potential of -2-71V. Another advantage is that 
the hydrogen overvoltage on mercury is very high and this, in conjunction with 
the low sodium discharge potential just mentioned, means that in the working 
mercury cell some 99% of the current brings about sodium discharge and only 
1% produces hydrogen discharge. No other liquid metal, e.g. a fusible alloy 
or a liquid amalgam of mercury with a comsiderable proportion of some cheaper 
metal, has yet been proposed as a substitute despite the high cost of pure 
mercury, 16-18/- per lb. in Britain in 1953,*”* and the large quantity needed 
in the cell system, some 3,500 lb. of mercury in modern cells of 30,000 ampere 
capacity.°© On the other hand, a claim has recently been made that, by using 
a mercury cathode containing 0-001-2-0% of copper or 0-01-1-0% of silver, 
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less hydrogen is discharged than when a pure mercury cathode is used.*” 

No figures have been reported for the loss of mercury from the cathode but 
such losses should presumably be small since, on electrochemical grounds, 
the sodium in the amalgam should be preferentially attacked. Figures are — 
given below (see next page) for the working losses of-mercury in the whole 


process. 


The Denudation of Amalgam | 

The dilute sodium amalgam containing 0-1-0-2% by weight of sodium 
which is formed in the electrolyser reacts with water in the denuder: NaHg + 
H,O —- NaOH +4H,+Hg. The amount of water used in the reaction is that — 
required to give a concentrated solution, usually about 50% by weight, of the — 
sodium hydroxide. Since it is possible to form sodium amalgam in the elec- — 
trolyser with very little decomposition, even when the amalgam is in contact © 
with hot brine at a pH of about 2, it is not surprising that, in the denuder, 
special means have to be adopted to ensure rapid and complete removal of — 
sodium from the amalgam when this is in contact with strongly alkaline solu- — 
tions. The means adopted is that of a short-circuited cell in which the anode © 
is the amalgam, the cathode is a substance with a low hydrogen overvoltage, — 
and the electrolyte is sodium hydroxide solution. The reaction may then be © 
considered as occurring thus:- 


NaHg — Nat +e+Hg at the anode 
Ht +e —> YH, at the cathode. 


In the modern form of denuder the amalgam is spread evenly, by means of a © 
distributor plate, over lumps of crushed graphite held between screens and the © 
water feed is led in at the base of the cylindrical tower.*” The mercury is 
pumped back to the cell from the base and sodium hydroxide solution is re- © 
moved from the top of the denuder. Similar arrangements have beendescribed © 
for other modern cells and for some war-time German cells; in some cases the 
graphite packing is flooded with amalgam?"?® and in others it is not2+%120175476 

Horizontal denuders have also been used in which the graphite, in the form 
of blocks or plates bolted together or large slotted and perforated plates, 
makes direct contact with the stream of amalgam in an inclined trough or 
pipe.*°4!? Graphite appears to be the cathode material used in all modern 
cells although formerly iron was used.*?? 

It is clear that, by separating the anode and cathode, it is possible to 
carry out these reactions so as to generate electrical energy ~ the reversible 
potential being of the order of 0-8V. ~ and in Castner’s original suggestion 
provision was made for using this for reducing the electrolyser voltage.*”? 
However, because of the high hydrogen overvoltage at the cathode, the avail- 
able potential from the denuder is small at practical working rates of denuda- 
tion. Also, since the current efficiency in the electrolyser is not 100%, there 
is insufficient sodium in the amalgam to give ions to carry all the current 
passing through the denuder, and so mercury ions appear in the sodium 
hydroxide. So the procedure was abandoned and in modern cells no attempt is 
made to recover electrical energy from the denuder; attention has been focused 
on obtaining rapid rates of denudation. Thus, in order to promote denudation, — 
the graphite has been treated with ferric chloride or nickel chloride.?2©!77_ It 
is claimed that such treatment gives graphite ten times more active than un- 
treated graphite.**° Experimental use has been made of tower denuders con- 
taining pellets made by compressing a mixture of graphite and iron powders.*” 
Such cathode material gives efficient denudation but is not used in full-scale 
denuders because of its low mechanical strength. ; 

Studies have been made of the kinetics of amalgam decomposition in which 
the rates of denudation were measured by following the production of hydrogen. 
Borate buffers at pH 8:2=9+2 at 25°C. were used. The low reaction rates 
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observed were attributed to the absence of impurities which catalyze the de- 
composition.*” In a recent investigation the rate of reaction was found to 
decrease exponentially with increasing pH, according to theory, and the effect 
of stirring was attributed to the increase in the amalgam surface in contact 
with the solution.**° A considerable amount of work has been done in Russia 
on the various factors affecting the rate of denudation of amalgam. Thus, at 
20°C., in an atmosphere of hydrogen, the decomposition rate of sodium amal- 
gam made from carefully purified mercury follows the kinetic law:- 


eel = k{Na]% [OH]? [Na*]” 


where k is a constant, [Na] is the concentration of sodium in the amalgam in 
moles per litre at time ¢, and [OH] and [Na*] the concentration of these ions 
in the solution. With initial concentrations of sodium of 0-0144-0-51 mole/ 


° L « e 
litre, the average value of > was 4 x 10°° where s is the area of the amalgam 


surface.**4*®? In a study of reaction rates at 20°C. where the amalgam was 


stirred in contact with water, the pH being maintained at about 9 by constant 
addition of 0-1 N-hydrochloric acid, the concentration of the amalgam was 
found to decrease according to the equation:- 


OPA) (1) OAS onc ne Se 


s being the area, in sq.cm., of contact between amalgam and water, ¢ the time 
in seconds, and C, and C the initial concentration, and that at time t, of 
sodium in the amalgam in moles/litre. The constant k was found to be 8-7 x 
10°* for values of C, between 0-27 and 0-63. When no acid was added to the 
water in contact with the amalgam, the time ¢ before the concentration C of 
sodium was reached was given by:- bs 


Pct kulan (52, 


where é, is the time given by equation I above. The constant hk, is 324.*** 

Rates of decomposition have also been measured under conditions re- 
sembling those occurring in practice. Current densities were measured in 
cells made up of a 0:1% sodium amalgam anode, a graphite cathode, and 
aqueous solutions containing up to 750 g./l. of sodium hydroxide at 30~90°C. 
From the results it was calculated that the sodium amalgam decomposition in 
a solution of 750 g./l. of sodium hydroxide, with immersed graphite, at an 
initial temperature of 55°C. and a final temperature of 70°C. should give a 
current density of 0-265 amp./sq.cm. as against 0-2 amp./sq.cm. obtained 
under optimum conditions in practice.*™* 

Studies have also been made of the catalyzed decomposition of sodium 
amalgam. It has been shown that the reaction between the amalgam and 
aqueous sodium hydroxide is catalyzed by reduced iron, vanadium, tungsten, 
nickel and manganese, and by alloys of iron with vanadium, tungsten, silicon, 
molybdenum, titanium, zirconium and boron. Salts of vanadium and tungsten 
also increased the reaction rate but cast iron had only a slight effect.*** In- 
activation of a ferrosilicon catalyst was shown to be caused by a suspension 
of iron in the mercury which covered the catalyst surface.**® In tests with 
various electrode materials, iron gave a greater decomposition rate than nickel, 
platinum or graphite.**’ 


Usage of Mercury > 

Little information has been published on the losses of mercury in the 
various parts of the process. However, an estimate of the distribution of 
these losses has been made from figures reported for one war-time German 
plant; the losses in the various stages of the process, expressed as percent- 
ages of the total loss, are:- in brine purification precipitates 65-4=82+1; in 


23 Refs. p. 317 


310 CHLORINE 12+3 


hydrogen from the denuder 1-6~2-0; in sodium hydroxide solution 0-6-0-75; 
in the air of the cell room 0-2; in the denuder graphite 0-5; as spillages 14-5 
— 31.7.9 

Total mercury usage in individual war-time plants has been reported as 
0.92, 132 0.94112 and 1-63 1b.’7° per British ton of chlorine. For the most 
modern plants, figures of 0+22,** 0-28°° and 0-63 lb.*” have been given. 


Hydrogen 

Hydrogen from the denuders may be water-cooled, either by direct scrub- 
bing’® or in a heat exchanger,*”*’ and may then be dried by sulphuric acid in a 
packed tower.*® The gas contains a small amount of mercury which may be 
removed by scrubbing with chlorine water’® or chlorinated brine,* or by re- 
frigerating and filtering, first through cotton wool and then through active 
carbon.'%!!2, The mercury content of the gas after filtration through cotton 
wool is given as 30-50 micrograms per cu.m.™” and, after treatment with 
active carbon, as less than 1 microgram per cu.m.'**'? The purified gas is 
used for the production of ammonia”** and hydrochloric acid,’”*’ for the hydro- 
genation of oils,* as a fuel,®® and in various inorganic reductions (see page 
290). 


Chlorine 

The chlorine from mercury cells contains the same range of impurities as 
that from diaphragm cells with the important difference, however, that the 
hydrogen content of mercury cell chlorine is higher and more variable. The 
purification and liquefaction of mercury cell chlorine recently described for 
modern cell plants***’ is closely similar to the procedure described in detail 
above for diaphragm cell chlorine but, for the reason just given, greater atten- 
tion has to be paid to the hydrogen content of the purge gas from the lique- 
faction of mercury cell chlorine. 


Sodium Hydroxide 

The caustic soda solution produced in modern mercury cells nérmall 
contains up to 50% by weight of sodium hydroxide, although concentrations as 
high as 73% have been obtained.*%* The product may contain suspended 
graphite*°**"*? and mercury,*® these being removed by filtration through porous 
carbon tubes®®**? which may be coated with a cellulose filter-aid,*’ or through 
sintered nickel powder.*° After filtration, the purity is such that the solution 
may be used in the rayon industry without further treatment. *’ 

Further concentration of the cell product is not usual’®’®*®’ but, where 
solid sodium hydroxide is required, the 50% solution is evaporated to about 
75% concentration in forced circulation evaporators.°® This concentrated 
solution, or the 70-73% product from the cells, is then evaporated in open 
pots as described earlier (see page 292). 

A typical analysis of sodium hydroxide solution from mercury cells is 
given in Table XXX, 

Mercury cell sodium hydroxide solution may be shipped in steel drums or in 


road or rail tanks.°” The solid product is normally packed in thin sheet steel 
drums.*® 


COST OF CHLORINE MADE IN DIAPHRAGM AND MERCURY CELLS > 


No detailed figures have been published giving the cost of production of 
chlorine in the most modern American or British diaphragm or mercury cell 
plants. Manufacturing cost estimates have been given relating to production 
in January 1947, under U.S. conditions, in Hooker Type S diaphragm cells 
operating at 8,000 amp. and in German 7-metre long mercury cells operating at 
13,000 amp.* It was concluded that the capital costs for the two processes 
were closely similar. The manufacturing costs per pound of chlorine 
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TABLE XXX.- ANALYSIS OF MERCURY CELL SODIUM HYDROXIDE SOLUTION? 


Constituent 


50-00 
0-10=0-20 
0-0004—0-0020 

| 0:001=0-002 
0-00 1-0-002 
0-0001 
0-0010-0-0012 
0-0010 -0-0030 
0-000 1-0-0008 
0-0002 
<10% 


(excluding the value of the sodium hydroxide also produced, which, in the 
case of diaphragm cell production, was considered to require special purifica- 
tion) were 2:77 cents for diaphragm cells and 2-63 cents for mercury cells. If 
the diaphragm cell sodium hydroxide was of ordinary grade and not specially 
purified, the production cost of chlorine in this cell was slightly less than 
that from the mercury cell.” Manufacturing costs for a modern Italian mercury 
cell plant have recently been published.” 

The selling prices of chlorine in large quantities in the U.S.A. and in 
Britain in 1953 were about 3 cents*®® and 3-5 pence’” per lb. respectively. 


SUMMARY OF OPERATING DATA FOR DIAPERAGM AND MERCURY CELLS 


Some of the important data for the most modern diaphragm and mercury 
cells are summarized in Table XXXI. The values listed are taken either from 
the text above or from recent publications on the two processes, 7#3:%8%115 


TABLE XXXI.- TYPICAL OPERATING DATA FOR MODERN DIAPHRAGM 
AND MERCURY CELLS 


Mercury Cells 


Cell capacity amperes 20000 30000 
Cell capacity lb. Cl,/day 1350 2000 
Anode current density amp./sq.cm. 0-092 0-48 
Cathode current density | amp./sa.cm. 0-083 - 
| Current efficiency % 96-8 94—96 
Cell voltage volts 3°65 4e3— 405 
Energy consumption kw.hr./ British 2896 3472~ 3629 
ton Cl, 
Energy efficiency % 58 4804— 4603 


volts at 0-068 0+ 12-0+15* 


Potential drop through 
diaphragm 
Cell temperature 


65 =- 70 


lb 


Mercury charge in cell ; 3500 

Mercury loss lb./ British 0-22-—0-63 
ton Cl, 

Graphite consumption lb./ British 7-8 
ton Cl, 


Sodium chloride content | % by weight 
of inlet electrolyte 
Sodium chloride content 


of exit electrolyte 


% by weight 2208 = 244 
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Table XXXI (continued) 


Unit Diaphragm Cells} Mercury Cells 


Composition of chlorine: 

Chlorine % by volume 96°67 97-98 
Hydrogen % by volume 0-14 0-5= 10 
Carbon dioxide % by volume 1-77 0-5=— 15 

| Composition of sodium 
hydroxide solution: | 
NaOH % by weight 50-00 50-00 
Na,CO, % by weight 0-10 =0-30 0-10 ~0-20 
Na,SO, % by weight 0-013=-0-020 0-0004~0-00 20 
Nacl % by weight | 1-00 0-00 1=0-002 
Naclo, % by weight 0-05=0- 10 - 
CaO % by weight 0-0017 — 0-00 1- 0-002 
MgO % by weight 0-001-0-002 0-0001 
Al,O3 % by weight 0-0013-0-0030 0-0010 = 0-0012 
SiO, ! | % by weight 0-018 ~0-025 0-001=0-003 
Fe % by weight 0-0005 0-00001~0-00008 
Cu % by weight 0.00003 0-0002 
Hg % by weight - <107° 


* These values refer to older types of diaphragm cell. 


THE ELECTROLYSIS OF FUSED SODIUM CHLORIDE 


_ Chlorine is obtained as a by-product from the electrolysis of fused sodium 
chloride in the manufacture of metallic sodium. The only part of the process 
described here in detail is that concerned with the recovery of the chlorine. 
The process is briefly the electrolysis, at about 590°C. in cells of 24,000- 
32,000 amp. capacity, of a molten mixture of about 60% by weight of calcium 
chloride and 40% of sodium chloride, the calcium chloride being added to 
obtain a low melting point electrolyte.**® Molten sodium is produced at the 
steel cathode and chlorine at the graphite anode. The cell voltage is about 
7V. and the energy consumption for the process is equivalent to about 7900 
kw.hr. per ton of chlorine.*®? This energy is therefore more than twice that 
required for making chlorine by the electrolysis of brine. The amount of by- 
product chlorine made in this way is important, the U.S.A. output being about 
149,000 tons in 1950.**** A figure of 185,000 tons for world production for 
1951 may be derived from an estimate which has been given for world produc- 
tion of sodium in that year, 120,000 metric tons, on the assumption that all 
the sodium was made by the electrolysis of sodium chloride.*”° 

A very pure sodium chloride is required if cell operation is to be satis- 
factory’*° and this naturally favours the production of pure chlorine. The hot 


chlorine, which entrains a small proportion of calcium chloride and sodium 


chloride from the electrolyte, is collected at the top of the cell in a brick-lined 
nickel dome kept under a suction of about 5 mm. of water to avoid leakage of 
chlorine. From the dome the gas passes into a steel pipe with a short hori- 
zontal section adapted for easy removal of the deposited electrolyte dust; from 
this point the chlorine passes into one or other of two collecting mains, one 
for concentrated chlorine and the other for the dilute gas.**° The gas then 
passes to two stoneware water scrubbing towers in series where the remaining 
entrained electrolyte dust is removed, and also silicon tetrachloride, pre- 
sumably derived from the brickwork in the cell.*® The concentrated wet 
chlorine is then dried by sulphuric acid and liquefied in the conventional way 
(see page 291).°* Any weak chlorine produced during cleaning of the pipe 
mains, along with weak gas from the liquefaction of the concentrated chlorine, 
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is absorbed to form hypochlorite.** 

No report has been found giving a typical analysis of this by-product 
chlorine from sodium manufacture; it presumably differs from chlorine made 
in brine cells in that it may contain silicon tetrachloride but, since the anodes 
are not impregnated, it may contain less chlorinated organic substances. 


MISCELLANEOUS PROCESSES FOR THE MANUFACTURE OF CHLORINE 


As already shown, the electrolysis of brine and of fused sodium chloride 
gives the great bulk of the chlorine manufactured to-day; the remainder is 
produced by a wide variety of processes, the salient features of which are 
summarized below. It has been estimated that by 1960 the United States 
output of chlorine by these miscellaneous routes, as well as bythe electrolysis 
of fused sodium chloride already described, may reach 200,000 tons per year.*** 


THE OXIDATION OF HYDROCHLORIC ACID 


This process, the Deacon process (Mellor,II,31), was widely used in the 
19th century. It became obsolete after the development of the more economi- 
cal electrolytic routes, but recently attempts have been made to improve it, in 
order to deal with the large amounts of hydrochloric acid - estimated at 
500,000 tons per year in the United States*®* - which are available as a by- 
product from organic chlorinations of the type:- 


Rib derpeeRELEHeh 


Because of the advantage of having the main raw material at almost zero cost, 
various manufacturers have carried out fresh research on methods of improving 
the original Deacon process, which may be written:- 


SOC OSSD VCH AH. O: 


The fundamental problem in the process is to obtain high reaction speeds at 
the low temperatures at which the equilibrium is favourable for chlorine pro- 
duction. In recent years improvements have been claimed in the process, 
particularly for the catalyst required in the reaction, and proposals have been 
made to use the chlorides and oxides of multivalent erals. chromium oxide 
supported on titanium oxide,*”*°° special reaction and regeneration using a 
copper catalyst,*°*°* copper chloride promoted by lead chloride,*’? and metal 
oxides such as iron oxide?” instead of the copper chloride used in the original 
Deacon process. 

A plant using an improved catalyst and reduced workin g temperatures, 
producing 35 tons of chlorine per day, was expected to be working in the 
United States by the end of 1953. 193 In the first stage of this process hydro- 
chloric acid and ferric oxide in potassium chloride react as follows:- 


GHC] + Fe,0, = 2FeCl, + 3H,0; 


while in the second stage the mixture of ferric chloride and potassium chloride 
is air-blown:- 


2FeCl, + af O, a Fe,O; Mi aCIe: 


In another plant, operated recently on a pilot scale, a similar process is 
carried out. Operation at low temperature is claimed as well as almost com- 
plete utilization of the hydrochloric acid without the necessity for recycling.’°* 

A similar process coupled with absorption of the chlorine in sulphur mono- 
chloride has been used in Germany’ and during the last war a pilot plant was 
run at Oppau with an output of 10 tons of chlorine per day.” This plant used 
a molten mixture of potassium chloride and ferric chloride as catalyst; agita- 
tion of the catalyst by the incoming gases was claimed to be advantaigeous.? 
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A comparison of the construction and operating costs of the Oppau plant with 
those for the electrolysis of hydrochloric acid at Bitterfeld indicated that, for 
iarge plants, the chemical oxidation process would be cheaper.” 


THE ELECTROLYSIS OF HYDROCHLORIC ACID 


This process, like the recently revived Deacon process, depends economi- 
cally on the availability of cheap by-product hydrochloric acid. It consists in 
the electrolysis of the acid in a cell similar in principle to the diaphragm cell 
already described (see page 276) for the electrolysis of sodium chloride solu- 
tions. Thus in an early proposal, hydrochloric acid solution flows through a 
cathode chamber in which the hydrogen is discharged and then through the 
anode chamber in which the chlorine is liberated, means being provided for 
dechlorinating the exit acid, increasing its concentration of hydrochloric acid, 
and returning it to the cell.*°* 

The development in Germany of a cell employing bipolar electrodes has 
been described*™“ as well as means of maintaining the acid concentration in 
the electrolyte.” This work led to the installation of a cell which ran suc- 
cessfully at Bitterfeld and later for over a year at Wolfen; this cell has been 
described in detail.7°%°’ It consists essentially of bipolar graphite electrodes, 
separated by diaphragms made of polyvinyl chloride cloth, and held together 
by an outer frame made of steel lined with Haveg or rubber in an arrangement 
like a filter press. The area of graphite electrode in each unit cell was nor- 
mally about 1:4 sq.m.,the graphite was smooth on the anode side and the dia- 
phragm was filled with broken graphite in pieces up to 1:5 cm. size; in 
operation these pieces of broken graphite form a high surface-area anode and 
the resulting reduction in current density contributes to a low cell voltage. 
Movement of the hydrochloric acid is from anode to cathode. Hydrochloric 
acid of 32% concentration was fed to the cell at such a rate that the outlet 
acid contained 10% of hydrochloric acid. With 1000 amp., at a nominal current 
density of about 0-07 amp./sq.cm., the cell worked at 80~90°C., at a voltage 
of 2-3V., and a current efficiency of 92-94%. The loss of current efficiency 
is attributed to cathodic reduction of the chlorine dissolved in the hydrochloric 
acid passing from the anode to the cathode compartment, as well as to some 
current leakage. The factors leading to the voltage of 2:3V., which is ap- 
proximately 1V. higher than the reversible voltage for the cell, are not dis- 
cussed. Both the chlorine and hydrogen are contaminated with hydrochloric 
acid, and are purified by scrubbing with water. The washed anode gas con- 
tains about 99-5% of chlorine and 0+-2-0+4% of carbon dioxide.*°® The pre- 
sence of this proportion of carbon dioxide in the cell gas is surprising in view 
of the high acidity of the anolyte (see page 287). However, this is confirmed 
in the report on the process by the statement that the pieces of anodic graphite 
are slowly consumed and have to be replenished after about three months; the 
usage of scrap graphite for this purpose is said to be 2+2 lb. per British ton of 
chlorine.?” : 

It is not known whether there have been further developments of this direct 
electrolysis of hydrochloric acid, but some of the difficulties in operation have .- 
led to proposals for a two stage process, based on the electrolytic reduction 
of cupric chloride rather than hydrochloric acid.*°* The reduced cupric chloride 
is oxidized by air and hydrochloric acid and then recycled to the electrolysis 
stage.""* A claim has been made that the copper chloride cell can be operated 
at current densities up to 0-27 amp./sq.cm. and at voltages as low as 0-72V., 
and accounts have been given of the plant required.7°°*"? Chlorides of metals 
other than copper have been tried but none has been found to be so suitable. 
A pilot plant has been designed and operated using this process which, at a 
current density of 0-11 amp./sq.cm., uses 0-4 kw.hr. of energy per lb. of 
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chlorine compared with 0-8 kw.hr. for the direct electrolysis of hydrochloric 
acid. It is considered, however, that it is more economical to work the copper 
chloride electrolysis at a current density of 0:43 amp./sq.cm. and, where 
electrical energy costs are low and by-product hydrochloric acid is available, 
this route is said to compare well with other processes.*”* 


ELECTROLYSIS OF MISCELLANEOUS CHLORIDES 


Chlorine may be produced by the electrolysis of ferrous chloride either 
alone**? or in concentrated solutions of sodium chloride, calcium chloride, or 
other chloride of a metal which forms only one chloride.** As a by-product, 
it may also be obtained in the production of zinc by electrolysis of a solution 
of zinc chloride in a mercury cell.7**7** A diaphragm cell for the production 
of chlorine and chromous chloride from chromic chloride has beendescribed.*** 
A patent has been granted for the production of ammonia and chlorine by the 
electrolysis of solutions of ammonium chloride containing the chloride of an 
alkali metal oralkaline earth metal.” A cell for the electrolysis of ammonium 
chloride solutions having an asbestos paper diaphragm, a perforated steel 
cathode, and a graphite anode has been described.™* It was operated at 50- 
75°C, at an anodic current density of 0-145 amp./sq.cm. and a cathode current 
density of 0-11 amp./sq.cm. The cathode current efficiency was 84%, but 
36% of the chlorine liberated at the anode entered into side reactions, and 
explosions occurred in some cases. Chlorine is also obtained in the elec- 
trolysis of magnesium chloride, available in bittern.*°* No records have been 
found indicating the amount of chlorine produced at present by any of these 
routes, but it is presumably small. 

There are records, however, which give the amount of chlorine made in 
certain other electrolyses. Thus in the electrolysis of aluminium chloride 
solution at Ludwigshafen in Germany during the last war, about 14 tons per 
month of chlorine was made.”° The process was carried out in a rubber-lined 
cell fitted with graphite anodes and cathodes and having a diaphragm of blue 
asbestos cloth. The chlorine made was said to have a purity of 99»8=99.9%. 

A considerable amount of chlorine is obtained as a by-product in the 
manufacture of potassium hydroxide by the electrolysis of potassium chloride 
solutions. In Germany, potassium hydroxide was produced either in mercury 
or in diaphragm cells in seven different plants.”° The scale of production of 
by-product chlorine from this source is not stated explicitly but appears to 
have been of the order of 50,000 tons per year during the 1939-45 war.*%7%?° 
Figures for the output of French potassium hydroxide indicate that the equiva- 
lent production of chlorine in 1951 was about 26,500 tons.” 

Detailed information is available on the types of mercury cell used in 
Germany during the war.”° These present no noteworthy differences from the 
cells described above for the electrolysis of sodium chloride solutions. In 
operation, the potassium chloride solution has to be purified in the manner 
described for sodium chloride solution, care being taken to ensure that mag- 
nesium, chromium and vanadium are absent, and that the aluminium and iron 
contents are low. The anode=cathode gap in the cell is made greater than in 
sodium chloride electrolysis, in order to minimize loss of current efficiency 
through cathodic reduction of the chlorine. On 12,000 amp. cells operating at 
0-24 amp./sq.cm. with an exit brine temperature of 75-80°C., and inlet and 
exit potassium chloride concentrations of 345-350 and 270-280 g./l. respec- 
tively a voltage of 4-3V. was obtained and a current efficiency of 92-94%. 
The hydrogen content of the chlorine was 1+5-2:0%, somewhat higher than in 
sodium chloride cells. The purification and subsequent treatment of the 
chlorine follow the lines indicated above under mercury cells. 

In Germany, Billiter diaphragm cells were used for the electrolysis of 
potassium chloride solutions but no details have been made available.'%”%7° 
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THE REACTION BETWEEN SODIUM CHLORIDE AND NITRIC ACID 


This process, as already pointed out, was expected to give just over 1% of 
the U.S.A. output of chlorine in 1953, The process was investigated over 25 
years ago,””?** and its economics, as well as the detailed reactions involved, 
received attention shortly afterwards.”** In 1938-1941 a series of patents was 
granted to the Solvay Process Co. (now the Allied Chemical Corporation), the 
only company operating this process.*°*** These patents cover various fea- 
tures of the process, which is carried out in two stages. A slurry of 65% 
concentrated nitric acid and sodium chloride reacts to give nitrosyl chloride, 
chlorine, and sodium nitrate solution, according to the equation:-'* 


4 HNO, + 3 NaCl = NOC1 + Cl, + 3 NaNO, + 2H,0. 


The sodium nitrate solution is evaporated, crystallized and filtered to give 
the solid nitrate, while the chlorine is fractionated from the nitrosyl chloride, 
which is then oxidized by air to give a further amount of chlorine according to 
the reaction: 


2 NOCI +O, = 2N054 Cl, 


Alternatively the nitrosyl chloride may. be converted into nitric acid.*** The 
process requires cheap salt and nitric acid and a ready market for the sodium 
nitrate, which is used mainly as a fertilizer. Although the process has been 
studied in Russia as a prospective route to chlorine,*** the only plant known 
to be in operation is at Hopewell, Va., U.S.A. and this has recently been in- 
creased in capacity to give 75 tons of chlorine daily, Corrosion problems, 
which are serious, are said to have been solved.'®? 


THE REACTION BETWEEN SODIUM CHLORIDE AND SULPHUR TRIOXIDE 


As early as 1920-23, patents were obtained for chlorine production by 
reaction between sodium chloride, sulphur dioxide and air at 500°C. or higher 
temperatures, in a rotary inclined furnace.**%”*’ It was stated that thionyl 
chloride could be obtained by using an excess of sulphur dioxide. According 
to more recent work, sodium chloride and gaseous sulphur trioxide react to 
form addition compounds containing 1, 2 and perhaps 3 moles of sulphur tri- 
oxide per mole of sodium chloride.”* These reactions are stated to be im- 
peded by crust formation and the higher addition compounds are unstable at 
room temperautre. Reactions at higher temperatures have been studied also.?*® 
Thus above 115°C., NaCl,2SO, decomposes:- 


NaCl,2SO, — NaSO,Cl + SO,; 
while between 225° and 300° the reaction occurring is: 
3 NaSO:@lu<> iNa,S,0}--4-NaGl iGlaaieeles 
Above 330° the following reaction occurs:- 
2Na,S,0, + 2NaCl —> 3Na,SO, + Cl, + SO,. 


The kinetics of the last two of these reactions have been investigated and 
consideration has been given to a technical process based on them.”** 
1942 there have been certain claims for improvements in the operation of the 
process.”*°**5 Further fundamental work has also been done™* and fresh ap- 
praisals of the commercial prospects have been made.****** The unfavourable 
factors in the process are the large heat requirements, the side reactions, and 
the difficulty in obtaining complete decomposition of the sodium chlorosul- 
phonate. The high corrosion rate of the plant, the problem of separating the 
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chlorine and sulphur dioxide and the fact that approximately two tons of 


sodium sulphate and one ton of sulphur dioxide are made for every ton of 
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chlorine, are formidable additional obstacles, and up to 1953 the process has 
been worked only on the pilot scale.‘ 


THE REACTION BETWEEN HYDROCHLORIC ACID AND SULPHUR TRIOXIDE 


This process is similar to that just described, but using by-product hydro- 
chloric acid in place of sodium chloride and obtaining sulphuric acid instead 
of sodium sulphate. The various stages in the process have been described.?%° 
The first step is the formation of chlorosulphonic acid, which occurs at 70= 


100°C. :- 


SO, + HCl — SO,HCI. 
This is decomposed at 200 ~ 300°C.:- 
ONC’ = 50,CL ten so. 


while at about 200°C. the sulphury! chloride decomposes to give sulphur di- 


oxide and chlorine: 
$0,C]lo = SO;'+ Ch. 


While the process appears to be more promising than the sodium chloride= 
sulphur trioxide route in several respects, it was reported in 1953 that it had 


not been operated even on the pilot scale in the U.S.A.** 
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SECTION XIII 
THE PHYSICAL AND CHEMICAL PROPERTIES OF CHLORINE 
By F.W. KIRKBRIDE 
GENERAL PHYSICAL PROPERTIES 


Density and Specific Volume of the Gas. Equations of State. 

Ross and Maass determined the density over the range 15—75°C., at up 
to 2 atm. pressure. The carefully purified gas was handled in an all-glass 
apparatus having taps lubricated with a mixture of meta- and ortho-phosphoric 
acids. The temperature was controlled to 0-02°C. The weight of gas in the 
measuring vessel was determined by condensing the gas in a bulb which was 
afterwards sealed and weighed. To find the volume of the vessel, the amount 
of pure sulphur dioxide filling it at a known pressure was determined. The 
effect of temperature on the volume of the bulbs was allowed for. _ 

A selection of the results obtained is given in Table I, in which the extent 
of deviation from the simple gas laws is indicated by the apparent molecular 
weight, derived from the absolute density by the relation M’ = wRT/PYV, where 
w is the mass of gas occupying the volume V (theoretical molecular weight 


is 70°91), 


TABLE I.- DENSITY AND APPARENT MOLECULAR WEIGHT OF CHLORINE 


! 


Pressure Absolute Pressure Absolute M 
mm. density mm. density 
mg./c.c. mg./c.c. 


0.7236 
1.766 
2-673 
4.598 
5-509 


eas Se eee 75.00°C, 


0.8738 | 7 0.8317 71.08 
1.832 1-606 71.25 
2-804 2-486 71.39 
4-646 4.232 71.78 
6-014 5-052 71.93 


These results fit, within an average deviation of 0.04%, the equation: 


_0-86427P fy , 42515 — 2-991(T +199), p 


at 
T2 
Pepe ege ee IAN pal. 2), 
T? | 
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where d' is the observed density (now in g./c.c.), P is in atm., and T is in 
°K, (This equation was obtained from an earlier equation of state developed 
by Maass).* 

The equation for d’ gives values agreeing closely with what are probably 


the most accurate of earlier determinations, namely 0+ 003063 g./cic. at 09/7254 


mm. and 0002896 g./c.c. at 15°/725 mm., by Jaquerod and Tourpaian.” Also, 
when extrapolated beyond the temperature range of the above measurements, 


the equation gives values of d‘ close to those earlier found by Pier,* as is 
illustrated in Table II. 


TABLE II.- COMPARISON OF VALUES FOR THE DENSITY OF CHLORINE 


[ Absolute density (10° ¢./c.c.) | 


: | Ross & Maass Found by 
: equation Pier 


Pressure 
atm. 


Temperature. 2 C, 


991.95 0.1370 


100.40 1.0000 
100.40 1.3822 
150.70 1.0000 
184.00 1.0000 


184. ia 1.6960 


A rather simpler formula, stated to be valid for palewiac the molecular 
volume of chlorine at pressures up to about 8 atm, is:- 


V = oa +39 — 1a ene c.c./mole.* 
P T2°6 


Another equation of state, claimed® to represent to within 1% the behaviour 
of chlorine over the entire range of the stable gaseous condition below the 
eritical temperature, has the form:- 


RT a’ co 
veb iy Pree T4343 3° 


If 7, Oand ¢ are respectively the pressure, temperatute and rite cater volume 
expressed as fractions of the corresponding critical values, the equation 


becomes:- vais 3.756 6 ; 4 
; -% ¢h-%) O4¢° 


(critical temperature and pressure taken as 416°K.and 78 atm. respectively; 
critical volume not stated), Above the critical temperature, these equations 
give the pressure within 2% for 6 = 1 to 1-7 and 6 = 1 to 1-75. 

Nernst’s equation of state, p(v—v,) = RT [(1—(p/p,))], where p is the 
pressure in atm., p, is the critical pressure (atm.), v and vj are respectively 
the molecular volumes of the gas and liquid in litres, and R =0-08207, is 
valid within about 7% for chlorine at 0 —70°C.° 

Haggenmacher’ gives for the saturated vapour of chlorine in the range 
0— 144°C, the equation of state:- 


Lee 0.31935 
v+1-4265 T(1.4265)? 


where p is in atm., [ in °K., and v in litres He does not state a value 


for C, 
Ziegler gives for the specific volume of the saturated vapour the equation 
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» - 11:956T _ 0.04473 -23596P? 
P (T/100)?*2* (T/100)%*28 10" 


where v is in 1./g., T in °K., and P in kg./m.” (the third term is negligible 
below P = 10%, i.e. 8 atm.). Some of his values calculated for v are:- 


Temp. (°C) —70 —35 0 20 40 60 
v(c.c./g.) 1563 279.6 81-89 46.77 28.66 18.44 
Temp. (°C) — 80 100 120 140 144 (critical) 


v(c.c./g.) 12.20 8.082 5-169 2.842 1-763 


Hulme and Tilman derived a still more complex equation of state: v (sat- 
urated vapour) = 82-055 T/p + 39-0 — 122-47 log P + 0.94 P**** —8>5 x 108/T?"® 
— 4:9 x 10-*° P®*°, where v is in c.c./mole, P in atm. and T in °K. This 
equation was claimed to be valid up to P = 75 atm., and was used to prepare 
a table of values of v, in British units, over the range from —50°F, up to 
ZIT 2oR 

In a subsequent paper,*® Hulme gave a table of specific volumes of super- 
heated chlorine at various temperatures and pressures, from which the values 
reproduced in Table III are selected. 


TABLE III.- SPECIFIC VOLUME OF SUPERHEATED CHLORINE 


Specific Volume (cu.ft./Ib. ) 
At temperatures (CF . 


Pressure 
(abs.) 
lb.persq.in. 


It is to be noted that, apart from Ross and Maass, the authors of the 
various equations of state given above did not make independent determina- 
tions of the vapour density of chlorine, but made use of the data provided by 
the earlier workers quoted in Mellor, II, 48. 

London found that the molecular attractions in chlorine, causing it to 
depart from the ideal gas laws, could be accounted for quantitatively by 
considering the periodic dipoles set up by motion of the chlorine nuclei and 
electrons in the electric fields due to one another, e.g. he calculated for the 
quantity a in the Van der Waals equation the value 680 x 10* atm.cm®g:? (ex- 
perimental value 632 in same units).** 

It has been stated’? that the density of chlorine at ordinary temperatures 
indicates the presence of some molecules heavier than Cl,, e.g. Cl,, but there 
is no real evidence for this. It seems sufficient to account for the unduly 
high density by postulating the molecular attractive forces just referred to. 

Several authors have suggested the existence of a triatomic molecule Cl, 
as an intermediate in chain reactions involving chlorine. This is discussed 
in the sub-section on chemical properties (see page 384). 


Thermal Dissociation of Chlorine. 

Older measurements of the vapour density and heat capacity of chlorine 
indicated that the molecules begin to be dissociated into atoms above 600°C., 
or at least above 1200° (Mellor, II, 48,55). More definite evidence has since 
been obtained in the following ways. 
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By measurement of the pressure developed in a porcelain bulb containing 
chlorine and heated to various temperatures, and comparison with the pressure 
changes observed in the same bulb when filled with nitrogen, the degree of 
dissociation at approximately 1 atm. was estimated by Trautz and Stackel to 
be 1.50% at 1200°C., 2-10% at 1240°, and 3.05% at 1280°, corresponding to a 
heat of dissociation of 71 + 3kg.-cal./mole.** 

By chemical estimation of the weight of chlorine occupying a bulb of 
known volume at various temperatures, Trautz and Geissler found that log K 
(= log p?c)/pci,) had values rising from -1+85 at 1151°C. to -1+17 at 1264°, the 
derived heat of dissociation being 59+°5 + 2kg.-cal./mole.** A later recalcula- 
tion of these results gave values of log Kp rising from -1+899 to -1-168, with 
57+1 + 21 kg.-cal./mole as the heat of dissociation.’** By a similar method, 
but comparing the amounts of chlorine and carbon dioxide required to fill a 
vessel at 1478°K. (1205°C.), the value of log Kp(atm.) was found by von War- — 
tenberg and Weigel to be ~2+50 + 2, the proportion of molecules dissociated 
being 2°8%,.*° | 

By working at pressures around 107° atm., Henglein was able to make 
measurements at rather lower temperatures. The dissociation was followed 
by pressure changes deduced from observations of the rate of damping of a 
quartz fibre vibrating in the gas. The degree of dissociation was found to rise 
from 18% at 985°K. (712°C.) to 60% at 1151°K. (878°C.), the corresponding 
heat of dissociation being 54 kg.-cal./mole. The expression found?’ for the 
variation of equilibrium with temperature was:- 7 

54000 4 - 

log Kp(atm.) ans E571T + 1-75 T ~4-09 x 10 ss ii + 4.726 x 10 ay 4 + 0.93, 

An alternative technique, used by Wohl, was to derive the degree of dis- 
sociation of chlorine from measurements of the temperature rise on explosion 
of mixtures of hydrogen and chlorine containing an excess of either reactant, 
or added hydrogen chloride; the liberation of chlorine atoms leads to a 
-lower maximum temperature than would otherwise be the case. The values 
found for the degree of dissociation (x) were as follows: 


Temperature, °C. 800 1000 1200 1500 1700 2000 2300 
x, 7% 0-051 0-445 2.18 12-0 27-2 59.4 86 


The calculated heat of dissociation was 57 + 2kg.-cal./mole at 0°K. and 
constant volume. '®#° 

Giauque and Overstreet later derived more precise values for the equili- 
brium constant by calculations based on spectroscopic data for the energy of 
of vibration, rotation and dissociation of the chlorine molecule. The minor 
effects due to isotopic atoms of chlorine were taken into account. Values 
found for K,, at various temperatures were as follows:- 


Temperature, °K. 298-1 500 1000 1500 
Kos atm. 1395x1077. 2570 TOF Lael SLO Sx Gascet Us: 
Temperature, °K. 2000 2500 3000 

Kp, atm. 5°69 x 107? 11.99 92.21 


In these calculations, the value taken for AE®, the heat of dissociation 
at O°K. and constant volume, was 56-9 kg.-cal./mole. The original paper 
also lists many values for AG°/T, the free-energy function of the dissociation 
at various temperatures.”° 

Using a more recent value for AE®, namely 57:194kg.-cal./mole, and 
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revised values of the fundamental constants h and k, Butkov has calculated 
rather lower values for Kp as follows:#! 


Temperature, °K. 298-1 500 1000 1500 
wt at. flee ee Ot OM 6 1s465¢ 10° 7) 3525-x 10° 
Temperature, °K. 2000 3000 

Sg at: 5-19 x 107 87.6 


“Lat. =1kg./sq.cm. = 0-967841 atm. 


In addition to the high-temperature dissociation, there is a very question- 
able allegation that the values of the vapour pressure and surface tension of 
chlorine, and of the freezing-points of its solutions in several solvents, in- 
dicate that the molecules in the liquid state are dissociated into atoms as the 
_ temperature falls from the normal boiling-point to -103°.?? 

For the dissociation of the chlorine molecule by the absorption of light 
the reader is referred to the section on the chlorine spectrum (see page 627). 
Here it will suffice to mention that in a very recent review of spectroscopic 
dissociation energies, the value for Cl, is taken as 57:08kg.-cal./mole, or 
2°746 e.V.”* Dissociation of the molecule by electric discharge, and factors 
influencing the rate of recombination of chlorine atoms, are dealt with in the 
sub-section on chemical properties (see page 383). 


Density of Liquid and Solid Chlorine. Atomic Volume. 
The following values were found by Kanda for the density of liquid chlor- 
ine:** 


Temperature, °K. 208-00 210.51 215-60 220.61 227.90 


Ds Rin Cae 1.643 1.636 1.621 1.605 1.580 
Temperature, °K. 235-50 239.96 
pecker. 1.555 1.530 


These figures were combined by Ziegler with those of earlier workers 
(Mellor, I, 49) to give a table? of the density and specific volume for every 
5°C, from -70° up to the critical point. A selection of the values is given in 


Table IV. 


TABLE IV.- DENSITY AND SPECIFIC VOLUME OF CHLORINE 


-70 «35 0 20 40 60 80 
1-6552 1-5649 1-4680 1.4085 1.3450 1.2760 1.1991 
0.6042 0.6390 0-6812 0.7100 0.7435 0.7837 0.8339 | 


100 120 140 144 (critical) 
1.1099 0.9962 0.7921 0.5672 
0.9010 1.0039 1.2624 1.7631 


Temperature, °C. | 
Di. €.1C.ce 
Sp.VoLc.c./g. 


Temperature, °C. 


p, g./c.c. 
Sp.Vol.c.c./g. 


A table of the density of liquid chlorine in lb./cu.ft. for every 5° or 10°F. 
from =50°F, up to the critical point is also available.*® 

Herz”® found that Pellaton’s values for the density of liquid chlorine 
(Mellor, II, 50) are expressible with fair accuracy by the equation (d=-d,-)/ 
alt)? = 1,where d, = 0-573 g./c.c., tc = 144°C. anda and b have respectively 
the values 0-10186 and 0.43880. | 

The density of solid chlorine at -195°C. was found’® by means of a volu- 
menometer to be 2°13 g./c.c., corresponding to an atomic volume of 16.66c.c., 
or 16°3c.c. at O°K. when extrapolated by a (calculated) expansion coefficient 
of 30 x 10°. The same value for 0°K. was obtained by a calculation accord- 
ing to an empirical rule connecting the density at O°K. with that at the b.p.*’ 
Another value for the atomic volume at -195°C, is 16-7c.c.7° 
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Crystal Structure. 

The crystal structure of solid chlorine has been shown by X-ray analysis | 
to be tetragonal with c/a = 0-715. The unit cell has a = 8-56A., c =6-124,, 
the space-group being D15, The (x,y,z) co-ordinates of the Cl atom are (0-125, 
0-167, 0-107).29 These results are in conflict with the older work (Mellor, 
II, 47), in which the crystals were reported to be rhombic. 


Viscosity. 

Braune and Linke determined the viscosity of gaseous chlorine by observ- 
ing the damping of torsional oscillations of a thin quartz disc suspended in the 
gas (at 90mm. pressure) between two other parallel discs, air being used to 
standardize the apparatus. Results were as follows:- 


Temperature, °K. 288-8 498-7 570-2 580-5 606.6 
Viscosity (< 10"); poise~' 1294” “219194 2480 725590 na Zo2G 
Temperature, °K. 675-9 692.7 747-5 772.0 


Viscosity (x 10’), poise 2870 2948 3143 3209 


The constant C in Sutherland’s equation, RTY 
° ° 2 
n (viscosity) oT 
was found to have the value 351 (K = 168.2 x 10°”). A value of 3-72 A. for the 
collision diameter of the chlorine molecule was derived from these results.*° 
Trautz and his collaborators measured the viscosity of the gas by a trans- 
piration method, i.e. the gas was discharged for a measured time from a reser- 
voir, of known volume, through a capillary tube maintained at any desired 
temperature, and the fall of pressure in the reservoir was recorded. The 
apparatus was calibrated with both air and sulphur dioxide. Values repro- 
ducible to +0-2% were obtained, as follows:- 


Temperattre, °K... 293-1) 328-205 372,5=96418-55 map eeU 
n x 10’, poise 1312 1470 1651 1845 2081 2244 


The values found for Sutherland’s constant (C) and the temperature index 
(n) were:~ 


Temperature Range, °C. 20-100 100—150 150-200 200—250 
GC 2/9 SLi 474 433 
n 0-958 0-953 0-989 0-956 


In a later paper, the values of 7 were recalculated and adjusted to even 
multiples of °C., and new values were reported from determinations with im- 


proved apparatus and more carefully purified gas. The results are given in 
Table V. 


TABLE V.- VISCOSITY OF GASEOUS CHLORINE 


_ Temperature, °C, 
n x 107 (previous 


1288 1428 1639 1854 2073 2244 


values recalculated) 
nx 10’ (new values) {1327 1469 1679 1875 2085 2276 


The value calculated for the collision molecular diameter was 5°88 A., notably 
higher than the above value although the values of 7 are similar.?43? 

More recent determinations®* of the viscosity, made by the falling-ball 
method, gave 7 = 1333. x 10°’ poise at 20°C., the Sutherland constant being 
345 over the range 20~— 100°, and the mean temperature index being 1.01. 

Steacie and Johnson found that the viscosity of liquid chlorine, determined 
in an Ostwald viscometer, is expressible by the formula: 
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n, (poise) =n /(1+At+Bt?), where 7,=0-00385, A =0-005878, B =—0-00000392, 
and t is in °C, The values of ny, at —76-5° and —33.8° are respectively 
0.00729 and 0-00488 poise.** The viscosity at the m.p. (—102°C.) has been 
estimated, by extrapolation from these results, to be 0-0104 poise.* 

The ‘rheochor’, defined by the equation R = My% (D + 2d), where M = 
molecular weight, 7 is in millipoises, and D and d are respectively the density 
of the liquid and the gas, has for liquid chlorine at the b.p. the value 2 x 27-7. 
The contribution to the rheochor of an organic compound, made by a chlorine 
atom in the molecule, is 27-3 units.*® 


Vapour Pressure of Liquid and Solid Chlorine. 

Henglein and collaborators determined the vapour pressure by finding the 
weight of gas filling a vessel, of known volume, which was connected toa 
reservoir containing the liquid or solid at a known temperature, A vibrating 
quartz-fibre manometer was used for pressure measurements at 119° and 126°K. 
Their results were as follows:- 


Temperature, °K. 119.2 126.0 133-0 146.6 161.1 


p, mm. G:0015 ~..0;006 76-010 3p 0.062 2564 } for the solid 
° ° 
Coa Ke aon. ree eae BPoe nettiaid 


The values for the solid are expressible with fair accuracy by the equation 
log Pam. = —1530/T + 9-950, and those for the liquid by log pam, = —1160/T 
Had) oi] Sat 

Trautz and Gerwig, using both static and dynamic methods of measurement, 
found notably lower vapour pressures of the liquid over the range 194—238°K. 
These fitted an equation log pmm.= —(1085/T) + 7-433.*° 

Harteck used a quartz-spiral manometer and found the following values, 
among others, for the vapour pressure:2” 

Temperature, °K. 162-7 165-7 17 


* 


172-6 


0.3 - 
P,;M™m. 2-6 3.4 Wen 9.8 (solid) 
Temperature, °K. 172-7 178-8 180-2 183-7 185.8 |... 
P> mm. 9.9 17.4 19.6 26.9 31.8 (liquid) 
Temperature, °K. 198-1 210.9 220.4 2345 245.2. . 
p, mm. Test 175.5) e024 Olt 634 (liquid) 


; * triple point (—100-5°C.) 
Giauque and Powell, using a mercury manometer protected by a carbon dioxide 
buffer, obtained the following values for the vapour pressure of the liquid; 
their figures, which are a little higher than those of Harteck, have been 


rounded off:- - . : 
Temperature, °K. 172-12" 175-44 180.38 185.46 190.51 


Battie 10:44 eelavogeeeoisa. 650.50 47.74 
Temperature, °K. 195-51 200-41 205-24 210.00 215-18 
p, mm. 68-31 95:07 129.49 172.74 232.5 
Temperature, °K, 219.91 225-10 229.96 234.98 240.05 
p, mm. 301-3 394.0 500-4 632-7 793.9 


* triple point (~100-98°C.) 


These values are expressible by the formula log p (mm.) =—(1414-8/T) 
—0.01206T + 1.34 x 10° T?+9.91635. An accuracy of 0-1—0.2% was claimed 
for them. *° 

Ziegler® combined the results of Giauque and Powell with those found by 
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Pellaton for higher temperatures (Mellor, II, 52) to give the formula logm = 
—4.06276 log 0 + 0.22341 (&*— 16/0+15), where 7 and @ are respectively the 
vapour pressure and absolute temperature, reduced to fractions of the cor- 
responding critical values. This formula was claimed to agree with the 
observed values within 1% over the range from —70° to the critical point, 
apart from isolated larger deviations due to the ‘scatter’ of Pellaton’s results 
(the values taken for the critical temperature and pressure being respectively 
144.0° and 76-0 atm.). The following is a selection of the vapour-pressure 
values tabulated in the original (here recalculated from the ‘technical at- 
mosphere’ (at.) to the standard atmosphere (atm.)):§ 


Temperature, °C. —75  —35 O20 40 60!71480 
Vapour pressure, atm. 0-1493 0.995 3.64 6.64 11-15 18-11 26.2 
Temperature, °C, 100 120 140 144 (critical) 


Vapour pressure, atm. 37-6 52-5 71-6 76.0 


On the same basis Hulme and Tillman tabulated the vapour pressure in 
lb. persq.in. at 5° or 10°F. intervals from —50° to +291.2°F, The formula 
used was: log P = —1901-988/T —6.95 x 10°? log T + 5-78109, T being in 
Rankine (i.e., °F. absolute).’ 


Boiling Point. 
Recent determinations of the normal b.p. of chlorine have given the follow- 
ing closely concordant values:- 


Investigators Date Boiling Point 
°C. at 760mm. 
Trautz & Gerwig*® 1924 —34.7 
Harteck*? 1928 43-95 + 0-10 
Giauque & Powell*® 1939 —34.05 
Ziegler ° 1950 —34-15 ; 


4 e e 
Estimate based on results of earlier workers. 


Melting Point. 
Values recorded for the m.p. of chlorine are:- 


Investigators Date Melting Point, °C. 
Maass & Boomer*! 1922 —100.3 

Henglein et al.*’ 1922 —103 

Eucken & Karwat*? 1924 —102.3 

Harteck®® 1928 —100.5 
Graff? 1933-103 + 0.3 

Wheat & Browne** 1936 —102-0 

Giauque & Powell*® 1939 —100-98 


The last result, which is probably the most accurate, differs by only 1° from 
Olschewsky’s value, —102° (Mellor, II, 53). 


Critical Constants. 
Values given for the critical constants of chlorine are: 


| 
| 


Authority Date te Pe Ve d. . 
aC, AUN. | (C1Cs/ Gnd ee Bae ce . 
Pickering*® 1924 143.9 pur Seether: | 
Ziegler® 1950 144.0 76.0 1.763 0.5672 . 
Hulme & Tillman? 1949 291-2°F.  1154(Ib./sq.in.) 
0.0279(cu. ft./lb.) 
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All these data are based on reviews of earlier work (Mellor, II, 52). 


Internal Pressure. 

The internal pressure of liquid chlorine at the b.p. has been calculated as 
2169 atm., from an equation involving the critical temperature, the b.p. and the 
molecular volume.*® Another author, using five different semi-empirical 
relations, obtained values ranging from 2074 to 4416 atm., at 25°C. (the value 
2074, given here, corrects a numerical error in the original paper).*” 


Parachor. ie 

Sugden calculated for the parachor of chlorine the value 111-5.** Values 
given for the atomic contribution of chlorine to the parachors of organic com- 
pounds are respectively 54-3,*° 55-0,*? 54:6,°° 55-25 and 55° units. 


Optical Properties. 

Values given for the atomic refraction of chlorine (combined in organic 
compounds) are Rp = 5-74—6.01,°* and Rc = 5-821, Rp = 5-844, Rr = 5-918, 
Ro’= 5-973. The refractivity of the chlorine ion (Cl*) has been found to be 
9.30 for infinitely long waves (in the gas phase),™* or 9°06, for the D line 
(taking Ry,+ = 0-200; with Rygt = 0-350, the value becomes 8-91).°° For the 
cl ion in solution, the refractivity for the D line is reported to be 9-06°° or 
9°03>, 

The emission and absorption spectra of chlorine, and molecular constants 
derived therefrom, are dealt with in the section on spectroscopy (see page 621), 
and the optical dissociation of chlorine is referred to also in the account of 
the hydrogen=chlorine photochemical reaction. Here it will suffice to mention 
that neither the intensity of absorption, nor the convergence limit 4786 A. 
(below which light-absorption causes dissociation) is found to be affected by 
the presence of moisture or of a moderate pressure of air.°°° 

It is also very doubtful whether the moisture content of the gas has an 
influence on the expansion under illumination (Budde effect; see Mellor, II, 
63), 58160,62 

An attempt to detect a change of refractive index on irradiation of chlorine 
gave a negative result,°* but it has been reported that a slight increase in 
diamagnetic susceptibility occurs.™ 

Cole found that the depolarization factor in the scattering of light by 
chlorine which contained 2% carbon dioxide was 4-1% for the gas and 24% for 
the liquid; these values were unaffected by prolonged drying over phosphorus 
pentoxide. The intensity of the scattered light in the gas and liquid was 
respectively 0-99 and 1-77 times that observed with ether in the same re- 
spective states.© Otherworkers found values of 4:07% and 4°37% respectively 
for the depolarization factor with the gas.°*” 


Velocity of Supersonic Waves in Chlorine. 
Some of the values obtained by Eucken and Becker®™ are given in Table VI. 


TABLE VI.- VELOCITY OF SUPERSONIC WAVES IN CHLORINE 


Temperature Pressure Frequency Velocity 
2c) mm.: kes. m./sec. 


These results are discussed in connexion with the heat capacity (see page 336). 
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They are in agreement with later work by Schultze, who further found for the 
velocity of audible sound waves (3kcs.) values of 194.95 and 204-82 m./sec., 
respectively at —25° and 0°C.*° 


Adsorption Phenomena with Chlorine. 

Chlorine is strongly adsorbed by active charcoal; e.g. Remy and Hene 
found 234c.c. (= 0-70g.) of chlorine to be adsorbed per g. of charcoal at 
15°C./1 atm., and Reyerson and Wishart found that a specimen of charcoal 
adsorbed 0.3997 g./g. at 35-5°/673 mm., or 0-359 g./g. at 91-5°/722 mm. 
Isotherms both of the Langmuir and of the Freundlich type have been re- 
ported." When charcoal has adsorbed chlorine, part of the adsorbate is 
very difficult to remove, whether by strong heating, or evacuation, or treatment 
with alkali: this has been attributed to substitutive reaction with combined 
hydrogen atoms in the impurities in the charcoal.’”"” 

The adsorptive capacity of charcoal for other substances is liable to be 
reduced by previous adsorption and desorption of chlorine:” Fig. 1, taken 
from the work of Emmett, illustrates this point.” 


Adsorption, cc. of N2 (S.T.P.) per gm. Charcoal. 


0:8 1:0 


0:2 


0-4 0:6 
P/ Py 


Fig. 1. Adsorption of nitrogen at —195°C. as a function of 
treatment of the charcoal with chlorine. (1) Untreated; (2) 
after chlorine adsorption at 200°C. and evacuation at room 
temperature; (3) after evacuation at 100°C.; and (4) and (5) 
after evacuation at 200°C, . 


On the other hand, it has been reported that exposure of charcoal to 
chlorine, followed by heating to redness in vacuo, increased its adsorptive 
capacity,’° and a similar effect was found by treating vegetable charcoal with 
chlorine at 750—950°C,” | | 

Equilibrium in chlorine adsorption on charcoal is established rather slowly; 
hence it has been supposed that the adsorption is of the activated type, or that 
adsorption is followed by absorption. ®”° | 

Reyerson and Wishart gave 8-86 kg.-cal./mole for the ‘differential’ heat of 
adsorption of chlorine on charcoal, i.e. about twice the heat of evaporation at 
20°C.°° The heat of adsorption in the initial stages may be at the rate of 
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31 kg.-cal./mole of Cl,, declining as the proportion of adsorbed chlorine in- 
creases.”’ It has been reported that the heat of adsorption of chlorine on 
charcoal is 146% more than that on silica gel”* (but see below). 

Bohart and Adams found that when charcoal was used, as in a gas-mask, 
to adsorb chlorine from a gas stream, the break-point time was at a minimum 
for 50% relative humidity of the gas,”° but Nielsen found that a small amount 
of moisture lengthened the break-point time.”* Rather complex effects are 
obtained, in this application, when varying percentages of water are initially 
present on the charcoal, but in general the break-point time is not greatly 
affected. Moisture much increases the break-point time when the charcoal 
has been activated with zinc chloride. Owing to hydrolysis (2Cl, + 2H,O = 
4HCl + O,), with moisture present the first toxic gas to break through the 
charcoal is usually hydrogen chloride, with a chlorine/hydrogen chloride 
mixture following later. ”7° 

The adsorptive capacity of charcoal for chlorine is increased by impreg- 
nation with alkali hydroxide or carbonate, especially in presence of moisture; 
this is presumably a chemical effect.®™** 

Chlorine is also rather strongly adsorbed by silica gel. The results of 
Magnus and Miller, for example, show the adsorption of 0.1637 g. chlorine/g. 
gel at 0°C./474 mm, or 0.0703 g./g. at 40°/677 mm.** The isotherms are of 
the Freundlich type, although in the initial stages Henry’s law applies.°%** 
From measurements in the region —25° to +30°, Reyerson and Bemmels obtained 
straight lines by plotting P/[V(P,—P)] against P/P,, where V is the volume 
sorbed, P is the pressure of the vapour, and P, is the saturation pressure of 
the liquid at the prevailing temperature; these results are in accord with 
Brunauer’s multilayer adsorption theory.°* Magnus and Miller determined the 
‘differential’ heat of adsorption by application of the Clapeyron-Clausius 
equation to pairs of isotherms, and found e.g. at 20°C. that the value was 
7-00 kg.-cal./mole Cl, with 0-026 mole chlorine adsorbed per g. gel, and 5:91 
kg.-cal./mole with 1 m.-mole/g.** 

The adsorption of chlorine by porous magnesium oxide, in the range 25— 
45°C./20—700 mm., follows Freundlich’s equation.** 
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Heat of Vaporization. 


From vapour pressure measurements at various low temperatures, the 
following estimates of the heat of sublimation of solid chlorine have been 
made :- 


Investigators Date Heat of Sublimation 
ge-cal./mole. 
Henglein et al.* 1922 6960 at m.p.(—103°) 
Eucken et al.? 1924 7220 at O°K, 
Harteck? 1928 7370 + 10 at 0°K. 


According to Kelley* the heat of sublimation at any temperature is given 

approximately by the expression 7430 —5-0T g.-cal./mole. (T in °K). 
From his theory of molecular forces (see page 325) London® calculated 
that the lattice energy of solid chlorine, i.e. the heat of sublimation at 0°K. 
minus the zero-point energy, is 7180 g.-cal./mole, and compared this value 
with an experimental value of 7430 g.-cal./mole. 

Determinations® of the ebullioscopic constant for solutions of chloroform, 
carbon tetrachloride, and stannic chloride in liquid chlorine gave a value of 
1.73, corresponding to 66.0 g.-cal./g., or 4680 g.-cal./mole. for the heat of 
vaporization of the liquid at its b.p. 

Vapour pressure measurements of the liquid have yielded the following 
values for its heat of evaporation:- 


Investigators Date Heat of Evaporation 
g.-cal./mole. 


Henglein et al.’ 1922 5300 at f.p. (—103°C.) 
Trautz & Gerwig’ 1924 4962 between —79° and —34.8°C. 
Wohl® 1924 sed revision of preceding 

5350) figures, respectively 
Giauque & Powell® 1939 4878 + 4 at b.p. (—34°05°C.) 


Kelley* gives the expression 6330—8-0T g.-cal./mole (Tin °K.) as an 
approximation for the heat of evaporation at any temperature, but this is 
obviously in error near the critical temperature, 417°K. 

Ziegler,*°by means of a formula based on the Clapeyron=Clausius equation, 
has tabulated the heat of evaporation for every 5° from —70°C. up to the 
critical temperature. A selection of his values is given in Table VII. 


TABLE VII.- HEAT OF EVAPORATION OF CHLORINE 


Temperature, °C. —70 =n. O 20 40 

Heat of Evaporation, g.-cal./g. | 73-30 | 68-75 | 63-60 ‘| 60-38 | 56.92 
| Temperature, °C. 60 80 100 120 140 | 144 
Heat of Evaporation, g.-cal./g. | 53-04 | 48-39 | 42.24 | 33.34 | 17.0 0 


These values agree well with the experimental data (see above and Mellor, 
II, 54), which, however, are available only for the lower part of the temperature 
range considered. 

Hulme and Tillman’ have given a table of values of the heat of evapora- 
tion, expressed in B. Th. U./lb., from —G0°F, up to the critical point. Though 
derived by a different method (that of Gordon*°), their results agree closely 
with those of Ziegler. 
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Heat of Fusion. 
Values for the heat of fusion of chlorine are given below: the last value 


is probably to be preferred. 


Investigators Date Heat of fusion g.-cal./mole 
Henglein et al? 1922 

Eucken & Karwat*? 1924 1615 

Giauque & Powell? 1939 |b) a 


Heat Capacity. 

The recent literature concerning the heat capacity of gaseous chlorine is 
extensive. By measurement of the temperatures attained on explosion of 
hydrogen=chlorine mixtures containing an excess of chlorine, Wohl** found 
that the mean heat capacity of (undissociated) chlorine gas, at constant 


volume between 291 and 1335°K,, is 6-83 + 1°3% g.-cal./mole. He stated 


that the mean value pobrcaD 291° and other temperatures is expressible by the 


formula 4-963 + eae g.-cal./mole, where E is an Einstein function with 
2-2 degrees of freedom (E,., = 93). A revision of this work gave the mean 
values of C,, between 291° and various temperatures as follows:** 


Temperature, °K, 1651 1868 2054 
Mean C,, g.-cal./mole. 6-886 6.914 6-935 


By an adiabatic expansion method, Eucken and Hoffmann found the fol- 
lowing values for Cp, the heat capacity (g.-cal./mole) at constant pressure 
at particular temperatures. They also checked their results by calculations 
from spectroscopic data:** 


Temperature, °K. 203-3 270-2 318-4 391-4 451.7 

Cy, calc. to 1 atm. 8-279. 8-280 8-285 8.499 80558 
Cp, calc. to zero pressure (7-790 7-927 = 8.095 8-409 8-503 
C,, calc. from spectro- 7.798 7.935 8138 8357 8-481 


scopic data 


Nernst & Wohl likewise used spectroscopic data to derive values for Cy 


of 5-97 g.-cal./mole at 273°K. and 6-32 at 373°, rising gradually to 7-O at | 
2000° and 2800°. (The corresponding values of Cp are respectively 7-96, 


8.31 and 9-0 g.-cal./mole).*® 
In measurements of the velocity of ultrasonic waves in chlorine, Eucken 


and Becker found that the ratio Cp/Cy at 18°C. rose from about 1.33 to 1.40 — 


as the wave frequency was raised from low values up to 292 kc., showing that 
at the higher frequencies the adiabatic temperature changes were too rapid 
for equilibrium to be set up between translational and vibrational motion; the 
heat capacity therefore diminishes. (It was calculated that, at 18°, 34000 
collisions are required on the average for the molecule to acquire a quantum 
of vibrational energy). The effect becomes evident at lower frequencies if 
the temperature is low. It sets in only at very high frequencies if the chlorine 
contains small amounts of foreign gases, in particular hydrogen chloride.*’ 

Schulze confirmed Eucken and Becker’s work and showed that at —25°C. 
the effect is detectable at 3 kcs. His estimates for the ‘relaxation’ time 
were 3-9 x 10°° sec. at 0° and 7-6 x 107° sec. at —25°% His results yielded the 
following values of C,, (at low frequency):4° 


Temperature, °C, —25 0 18 32 
Cy, gecal./mole 5-839 5-987 6.068 6-109 


A number of later workers have derived the heat capacity by applying 
Statistical mechanics to the careful analyses of the rotational and vibrational 
terms of the chlorine spectrum made by Elliott’? and by Herzberg.”° This 
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procedure probably gives more accurate results than any experimental method. 
A selection of Trautz and Ader’s™ values for Cy, obtained in this way, 


is (for the normal isotopic mixture):- 
Temperature, °K. 
100 200 273-1 373 673 1073 2000 
Cy, g.-cal./mole. ) | 
5-0119 5-5890 6.0016 6+3660 6.7839 6.9548 720583 


These values correspond to values of Cp up to 1-3% higher than those of 
Eucken and Hoffmann, and are up to 1-4% higher than those of Nernst and 
Wohl. 3 

Data from the most recent table of values for Cp, calculated in the same 
way and again taking account of isotopes, are:?? 


Temperature, °K. 


200 273-16 298.16 300 400 500 600 
Cy, ge-cal./mole (1 atm.) 
7-576 7-999 8.112 8-119 8.438 8-624 8.742 
Temperature, °K. ’ 
700 800 900 1000 1200 1600 2000 
Cos g.-cal./mole (1 atm.) 
8-822 8-880 8.924 8-960 9.015 9-096 9.159 


These values are almost identical with those tabulated by the U.S. National 
Bureau of Standards.”* They are stated to be expressible by the equation 
C, = 6-860 + 4.994 x 10° T— 3.745 x 10°° T?4+ 0.9214 x 10°° T® (average devia- 
tion 0.65%, maximum 1-85%).7? | 

The following is a selection from a table of the mean values of Cy between 
O°C. and various temperatures:- 


Temperature, °C. 0 100 400 800 1200 
Mean Co; g.-cal./mole (1 atm.) 7-99 8-20 8.53 8.72 8-82 


These data correspond to the same values of C, as in the preceding table, 
but the authors give a slightly different algebraic expression for C,, viz. Cp = 
6-8214 + 5-7095 x 10° T —5.107 x 10°°T? + 15-47 x 10°*° T? (average deviation 
0.23%, maximum 0-50%, over the range 273 — 1500°K.).* 

Another algebraic expression, claimed** to give the spectroscopically 
derived heat capacity still more closely thanthe preceding, is Cp (for ideal 
gas) = 8-911 + 0-140 x 10°° T —0.0298 x 10°/T? (average deviation,0-02%, maxi- 
mum 0-09%).?5 This superseded an earlier expression,?® C,=7-5755+ 2.4244 
x 10°°T — 9.650 x 10-7 T? (average deviation 0-59%). Kelley claimed that a 
modification of the former equation, wviz., Cp (ideal gas) = 8.82 + 0-06 x 
10°°T — 0.68 x 108/T?, g.-cal./mole, enables enthalpies to be calculated 
which are accurate to 1% over the range 298 — 3000°K.?’ 

Simpler expressions, less accurate except perhaps at lower temperatures, 
have been given as follows:- 


Author Temperature range °K. Cs g.ecal./mole. Accuracy claimed % 


Eastman?® § 300—700 §-88 +9-35 x 103T 5 
— 7-00 x 10°§ T? | 

Eastman”® 300 — 2500 8-584+0-30x10°T | 9a 

Kelley?® 273 — 2000 8.28 +0-56 x 10.7 1-5 


Also Ziegler gave for the heat capacity at zero pressure, in g.-cal./g., 


the expression 0-11210 + 0-66094 x 10°*t —0-14468 x 10°°t*%(t in °C.); in the 
range —73° to + 200°C., the maximum deviation from the spectroscopic values 
is 0-58%.?° 


i 
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The heat capacity of solid and liquid chlorine has been determined” 
down to 21-9°K, A selection of the results for the solid is as follows:- 


Temperature, °K. 10 20) Seetaau 40 60 80 100 
Cp, gecal./mole 0-34" = 1.88" 416 6-20 8529-55 10-35 


Temperature, °K. 130 160 170-5 cael 
Cos geecal./mole 11-67 13-38 14.00 (" estimated.) 


For the liquid a constant value, 16-25 g.-cal./mole, was found over the range 
170.8 —230°K. The accuracy claimed was 2% for the solid and 3% for the 


liquid. 
Rather lower values were obtained by Giauque and Powell, e.g.:+ 
Temperature, °K. 15 20 50 70 100 120 150 
Cp» g.-cal./mole 0.89 1-85 699 8.68 10-10 10.87 12.20 
Temperature, °K. 170 172-12 172-12 200 220 240 
Cp, g-cal./mole 13-17 13-27 16.03 15.95. "19384885270 


( solid) | (liquid) 


The accuracy claimed? was 0-1—0-2% above 25°K., 1% at 20°, and several 
percent. below 20°, 


Recent determinations of the heat capacity of the liquid above its normal : 
b.p. are lacking. Ziegler calculated values up to 125°C. by means of an — 


equation:- aes 
c! = dh ho) —4o' 


where c’ is the heat capacity, h’ a ho is the enthalpy referred to 0°C., A is — 


the gas constant and v’ is the specific volume (all referred to 1 kg. of liquid). 


Up to 40° the value of c’ is almost constant at 0-23 kg.-cal./kg., but rises — 


gradually to 0-25 at 75° and more steeply to 0-40 at 115°.*° 
Enthalpy (Heat Content). 


The enthalpy of chlorine gas at 1 atm. has been calculated, by integration © 


of spectroscopic heat-capacity values over the appropriate ranges of tempera- 


ture, to have the values shown in Table VIII, where H} is the enthalpy the © 


ideal gas would have if it existed at 0°K. and 1 atm.:- 


TABLE VIII.- ENTHALPY OF CHLORINE GAS AT 1 atm. 


HR Ease ie | Af - Hen 
g.-cal./mole | g.-cal./mole 


Refs. p. 343 


ee ee 


13-2 THERMODYNAMIC PROPERTIES 339 


Kelley gave an equation Hp —HQ, = 8-82T + 0-03 x 10°97? + 0.68 x 1057" 
—2861,, which fits his values within 1%. His values are seen to agree 
closely with those of Kobe and Long, if 201-3 is added for Hbog.4¢ — A ors. 16 

A selection from a table of values calculated by Hulme** for the enthalpy, 
in B.Th.U./lb., of the (superheated) gas at various pressures and temperatures 
is given in Table IX. : 


TABLE IX.- ENTHALPY OF CHLORINE GAS AT 
VARIOUS PRESSURES AND TEMPERATURES 


Pressure Temperature, °F. 
lb.per sq.in. 


259."20 


The consistency of these data with thermodynamic principles has, however, 
been called in question. *” | 

The enthalpy of the saturated vapour was calculated by Ziegler from a 
complex expression derived from his equation of state and his formula for the 
heat of capacity (see page 338). Corresponding values for the enthalpy of 
the boiling liquid were obtained by deducting the heats of evaporation (see 
page 335). The following are some of his results (enthalpy of the liquid at 
O°C. arbitrarily taken as 100 g.-cal./g.):- 


Temperature, °C. 


—70 —35 0 20 40 60 
Enthalpy of liquid, g.-cal./g. 
83-86 91-85 100 104-66 109-31 114.05 


Enthalpy of saturated vapour, g.-cal./g. 
157-16 160-60 163.60 165.04 166.23 167.09 


Temperature, °C. 
80 100 120 140 144 (critical) 
Enthalpy of liquid, g.-cal./g. 
119.08 125-00 132-47 144-2 153-41 
Enthalpy of saturated vapour, g.-cal./g. 
167.47 167.24 165-81 161.2 153-41 


These results were plotted on a Mollier diagram (enthalpy against logarithm 
of vapour pressure), The diagram includes also isochores, isotherms and 
isentropic lines which are continued into the region of superheat.*° 

A table is also available of enthalpy values for the boiling liquid and 
saturated vapour, expressed in B.Th.U./lb., together with a Mollier diagram 
in which enthalpy is plotted against temperature. Although in the calculation 
of the enthalpies a rather inadequate expression was used for the heat capacity 
of the vapour, the divergence from Ziegler’s values is slight except at the 
higher temperatures.”* : 

Eucken and Karwat** obtained the following values for the enthalpy of 
solid chlorine (and of the liquid below its normal boiling-point) by integration 
of their heat-capacity data (see page 336):- 
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Temperature, °K. 107 20 30 40 60 80 100 
H2—H®, g.-cal./mole 0-87 11-40 41-70 93-66 244-5 426 625 
Temperature, °K. 130 160 170-5 170-8 180 200 250 


H2—H? g.-cal./mole 956 1331 1480 3091 3240 ~— 3565 4052 
solid | liquid 


These figures may be somewhat in error, in view of the divergence between 
the authors heat capacity values and those of Giauque and Powell. 


Entropy. a: 

An early estimate of the ‘absolute’ entropy of gaseous chlorine at 298°K., 
based on electrode-potential measurements, was 54+2 g.-cal./deg.mole. In- 
accurate heat-capacity data were utilized.** A revised calculation on the 
same basis gave Syo.,, = 53.0 + 0:4 g.-cal./deg. mole.** 

Other earlier workers estimated the entropy of crystalline chlorine at 
absolute zero by consideration of ‘chemical constants’ derived from vapour- 
pressure equations and from hydrogen-reduction equilibria. The values 
obtained*®** were respectively R1ln2 (= 1-37) and 7-6 + 0-95 (log 2n,—1), where 
n, tepresents the value of the nuclear spin of °’Cl. 

More recent calculations of the entropy have been based on the spectro- 
scopically derived heat capacity of the gas, and on the accurate thermal data 
now available for the liquid and solid. In this way Giauque and Overstreet 
derived the following values for the various isotopic forms of the gas at 25°C. 
(298-1°K.):- 


| Usual 
Isotope $5C] — *5Cl *5C1—87Cl 37C1—37Cl Mixture 
Entropy, $3:235. "530380 53-543. 53.310 


g.-cal./deg.mole 


These values do not include contributions due to nuclear spin or isotopic 
mixing. The same authors calculated an entropy of 53-38 g.-cal./deg.mole 
from e.m.f. measurements of Eastman and Milner.*”** 

Giauque and Powell gave the following entropy values, based on their 
heat-capacity determinations and the third law of thermodynamics: 


g.-cal./deg.mole 
Solid at m.p. (172-12°K.) 16-904 
Liquid at m.p. (172-12°K.) 25-799 
Liquid at normal b.p. (240-05°K.) 31-030 
Gas (actual) at normal b.p. (240-05°K.) 51-44 
Gas (ideal) at normal b.p. (240-05°K.) 51-56 
Gas (ideal) at 298.1°K. 53-32 


The last two figures agree very closely with the values derived from spectro- 
scopic data, 51-55 and 53-31 g.-cal./deg.mole respectively. As before, the 
entropy due to isotopic mixing and nuclear spin is not included.® In an earlier 
calculation by the above method, but using older thermal data, Kelley had. 
obtained S,o,., = 53-0 + 0°4 g.-cal./deg.mole.*4 

Table X gives a selection from recently calculated values for the entropy 
of the gas at various temperatures,?? the symbol ° referring here, as elsewhere, 
to the ideal gas at 1 atm. pressure. (see page 341). 

These values agree closely with those in the U.S. Bureau of Standards 
tables** and with values of S$—S9,,.,, tabulated by Kelley.?’ 

Hulme calculated values tor the entropy of the gas at various temperatures 
and pressures; a selection is given in Table XI. The entropy in g.-cal./mole 
°C. may be derived from the above by multiplying by 70-914. As already 
mentioned, the soundness of Hulme’s calculations has been questioned, but 
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TABLE X, - ENTROPY OF CHLORINE GAS AT VARIOUS TEMPERATURES 


| Temp. Temp. oi Temp. ss : 
| OK, | g.-cal, Vibe mole | °K, | g.-cal pase: mole| °K. |g.-cal./deg.mole 


57-629 | 


59-213 
60-567 
61.749 
62-797 


TABLE XI.- ENTROPY OF CHLORINE GAS AT VARIOUS 
PRESSURES, EXPRESSED IN B.Th.U./1b.°F. 


Pressure |. Temperature, °F. f | 


Hulme maintains that more accurate values cannot be obtained in default of 
accurate experimental determination of P-V-T relations for chlorine in the 
range considered. *!*? 

The entropy of the saturated vapour was calculated by Ziegler on a similar 
basis to his calculation of the enthalpy (see page 339), and the corresponding 
entropy of the boiling liquid was obtained by deducting the entropy of vapor- 
ization. A selection of his results is given below (entropy of the liquid at 
0°C, arbitrarily set at 1-0000 g.-cal./g. °C.):= 


Temperature, °C. -—70 —35 0 20 40 60 
Entropy of Liquid 


enone 0.9320 0.9683 1.0000 1.0162 1.0314 1.0457 
Entropy of Satd. Vapour 415978 1.2569. 1:2328 162222 1.2131 1.2049 
g.-cal./g. °C, 
Temperature, °C, 80 100 120 140 144 (critical) 


Entropy of Liquid 
g.-cal./g. °C. 


Deere Nort bares ils EO6D cleieBh Wei 78401 160971.1432 
g.-cal./g. °C. 


1-0599 1.0749 1.0936 1.1210 1.1432 


These values were embodied in the Mollier diagram already referred to." A 
table of similar values expressed in B.Th.U./lb.°F., is also ater 


Free Energy. 
The free-energy function of gaseous chlorine was calculated by (one. 


and Overstreet with the aid of spectroscopic data and the equation T 


— %RinM —%RinT + RinP—C—- Rink — RinQ (here ES is the internal energy 
at 0} K., M the mol. wt., T is in °K., P in atm., R = 1. 9869, C + RinR =-7-267, 
and Q is the sum of the partition functions for all energy levels contributing 
appreciably to the heat capacity at temperature 7). The following is a 
selection of the values found for the normal equilibrium mixture of isotopes: 
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Temperature, me 250 300 500 700 ~=1000 
~ CAFS, g.-cal./deg.mole 45-951 45.997 49.865 52.531 55-453 
Temperature, °K. 1500 2000 2500 3000 

6 70 
a g.-cal./deg.mole 58-876 61-363 63.324 64.956 


The free-energy functions of **Cl—*’Cl and *7Cl—*’Cl were calculated to 
have values, respectively, 0-14—0.16 and 0.28—0.32 g.-cal./deg.mole higher 
than that of *5Cl — *5Cl over the range considered.*” 

Two other, more recent, tables of the free-energy function give values 
very slightly lower than the above.”””* 


Chemical Constant. 
The ‘chemical constant’ of molecular chlorine, i.e. the integration constant 
in the equation derived from the Nernst Heat Theorem to express the vapour 


pressure of the solids- a, aT 
In p aman rage a f aril, AG dT +i 


(where AClis the difference between the heat capacities of the vapour and the 
solid)has been estimated to have the following values:= 


Authors Date Chemical Derived from 
Constant 
Henglein et al’ 1922 —0-05to 40-06, Thermal dissociation 
Henglein*?® 1922 0.02 and v.p. 
Eucken et al.? 1924 1-51+0.16 V.p. of solid 
Cox** 1923 0-42to0.91 Dissociation and v.p. 
Cox*® 1925 0.64 Dissociation 
Wohl® 1924 1.96+0-26 E.m.f. of aqueous heavy- 
metal cells 
Jellinek & Uloth** 1926 2.06 H,-reduction equilibrium 
= of heavy-metal salts 
Jellinek SWlota: 2) 1926. = 1-72 E.m.f. of fused-salt cells 
Jellinek & Uloth* 1926 1.99+0.18 (Mean of various methods) 
v. Wisniewski 1927 1.40 Theoretical model 
Harteck* 1928 1-55to 1-74 V.p- 
Jellinek & Rudat** 1929 2.06 H,-reduction equilibrium 
eee of PbCE , 
tern ; POS 1S 2 135d Calcd. v.p. of solid 
Trautz & Ader** 1934 1.354 Spectroscopic data 


The divergence between these estimates shows the limited usefulness of this 
application of the Heat Theorem. 


Thermodynamic Properties of Monatomic Chlorine. - 

The thermodynamic properties of gaseous chlorine in the monatomic state 
are for the most part not open to experimental measurement, but they are 
accurately calculable from spectroscopic data of the chlorine atom. The 


following are some of the values given by Trautz & Ader for the heat Capacity 
at constant volume:- 


poe: °K. 129.86 259-72 324.65 432.76 541.08 
Eee 2.9845 3-1462 3.2658 3.4039 3.4550 
ey °K. 574-41 618-38 865.73 1623.25 3246.5 
Paras 3-4585(max.) 3.4563 3.3836 = 3.1704. =~ 3.0397 
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The slow rise to a maximum value, followed by a decline towards the low- 
temperature value of %R, is due to excitation of the atoms to the ?Py, state.” 

The free-energy function was calculated by Giauque & Overstreet to have 
the following values (g.-cal./deg.g.-atom); the effect of isotopic mixing and 
nuclear spin was ignored: 


Temperature, °K. 250 298.1 300 400 600 800 
GO E° 


~2 33-555 34.437 34.468 35.924 38.015 39.521 


ee “*K. .1000 1500 2000 3000 


~ ee 40.687 42.836 44.346 46.456 
A selection from the U.S. Bureau of Standards tables** for the heat-capacity 


at constant pressure, enthalpy function, entropy and free-energy function is 
given in Table XII (H$ = E$):- | 


TABLE XII.- VALUES OF C,, ENTHALPY FUNCTION, ENTROPY 
AND FREE-ENERGY FUNCTION FOR MONATOMIC CHLORINE 
(Hoste) tao. (G°— HO)/T 
g.-cal./ g.-cal./ g.-cal./ 
deg.g.-atom deg.g.-atom deg.g.-atom 


298-16 5¢2203 5-0278 39-4569 —34.4291 
300 502237 520290 39-4890 —34.4600 
400 53705 5-0977 41.0138 —35-9161 
500 5°4363 5-1601 42-2206 —37-0605 


600 5°4448 5- 2074 43-2132 —38.0058 

800 503887 5- 2608 44.7731 —39.5123 
1000 5-3133 5e 2788 45-9674 —40.6886 
2000 5+ 1002 5° 2320 49.5700 —44.3380 
3000 5°0339 5e1752 51-6232 —46.4480 
4000 5-0070 5-1361 53-0672 |} —47-9311 
5000 4.9941 5¢ 1088 54-1832 —49.0744 


The values of the heat capacity and free-energy function differ only slightly 
from those given above. The value of the entropy at 298-16° is close to that 
given by Kelley, viz. 39-47 + 0-01 g.-cal./deg.g.-atom.*® 

Detailed tables are also available of values in British units for the heat 
capacity, enthalpy, enthalpy function and reduced entropy (s + R In P), of 
monatomic chlorine in the range 100 —5000°Rankine.*® 

The following estimates have been made of the ‘chemical constant’ of 
atomic chlorine:- 


Authors Date Chemical Derived from 
Constant 
Henglein‘*’ 1922 0.68 , Thermal dissociation of Cl, 
en } (3 methods of calculation) 
Wohl® 1924 1.66+0-30 E.m.f. of heavy-metal cells 
Trautz & Ader** 1934 1.340 Thermal dissociation of Cl, 
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ELECTRICAL AND MAGNETIC PROPERTIES. 
PROPERTIES OF CHLORINE IONS 


Dielectric Constant. 

The dielectric constant of chlorine gas was calculated from a dispersion 
formula to be 1-00152 at N.T.P. A less certain value, based on the atomic 
refraction of chlorine in organic compounds, is 1-00160.* The dielectric. 
constant of ionized chlorine, tested in the wave-length range 400 —500cm,, is 
always slightly less than unity.’ 

Kanda® found the following values for the dielectric constant of carefully 
purified liquid chlorine (see Mellor, II, 65):- 


Temp., °K. 208-00 210-51 215.60 220.61 227.90 235.50 239.96 
e Zt, §92+139% 328123 2-104 2-088 2-059 2.048 


Dipole moment. 

The values of the molecular polarization varied irregularly with tempera- 
ture between 11-94 and 12-00, so that the dipole moment could be taken as 
zero, in keeping with the symmetry of the molecule.* The results of earlier 
workers,*“® who respectively calculated values of 0-79, 0-23 and 0-13 D. for 
the dipole moment, cannot be accepted. 


Molecular Polarizability. 

Stuart gave for the mean molecular polarizability of chlorine the value. 
4.61 x 10°*%*c.c. (values for the three principal axes were respectively 6-60, 
3.62 and 3-62 x 10°**c.c.).7 The polarizability of the ion is referred to later 
(see page 348). 


Breakdown Voltage. 

The sparking voltage in chlorine gas (flowing through a 10-cm. gap between 
a tubular and a disc electrode) is 58kV., with 50-cycle a.c.* The corona 
discharge from a wire in the gas at N.T.P. sets in when the potential gradient 
(50-cycle a.c.) is? 85kV./cm. Negative ions are formed during the electrical 
breakdown in chlorine.*® 


Ionization Potential. 

The ionization potential of the chlorine atom was estimated by Piccardi, 
from consideration of relations with other elements in the periodic system, to 
be 12-26 volts.** Wicke’s more recent value is 12°90 volts, and his values 
of the potentials required for the production of more highly charged ions are 
(in volts):4? | 


Ghee cl 39.0: acl. 54.5 na Gleing 21 67-8101 be (97) 
CIV 414.3 CIVU! 346.6 cli* 398.8 CI* ~473 


Finkelnburg*® gives the following potentials, derived from spectroscopic 
data, for the production of multiply charged positive ions (in volts):- 
Pi Gs oheGl! 096-75 - cl 455.anecl™) 531.4 CIM 594-0 
cx 656.6 CIIY 749.6 CIXY 808-2 
Ionic Mobility 7 ; . 
The mobilities of the positive and negative ions in pure chlorine gas are 
respectively 0-654 and 0-510 cm./sec. per v./cem. (An earlier estimate’® for 
the negative ion was 0-73 cm./sec.per V./cm.). In mixtures with other gases, 
chlorine in small amounts has the effect of reducing the mobility of the nega- 
tive ion below that of the positive ion.*****® (For the mobility of chlorine 
ions in solution, see below). | 
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Electric Discharge Phenomena. 

Holst and Oosterhuis observed that during a discharge in chlorine between 
a glow cathode and a cold anode, the chlorine was attracted more by the anode 
than by the cathode. This was attributed to the formation of negative chlorine 
ions, the positive ions first formed soon acquiring electrons owing to their 
high electron-affinity.”° : 

Noyes found that the luminous discharge through chlorine, at a pressure 
about 0°03mm., disappeared when the applied potential was a multiple of 
8-2V. He suggested that this voltage corresponded to that required for the 
formation of a molecular ion.™ 

Chlorine which has been subjected to a silent discharge possesses a tem- 
porarily increased chemical reactivity. This is discussed in the sub-section 
on Chemical Properties (see page 382). 

The voltage across a carbon arc in chlorine at 700mm. is only about % of 
that in air, and amounts to 0-7 V., per mm. of arc. Above 4amp., the voltage 
changes only 8—9% when the current is more than doubled.” 

When chlorine, through which a discharge current is passing, is irradiated, 
an instantaneous diminution of the current occurs.**”* This effect has been 
intensively studied by Joshi and other Indian workers, and it has been at- 
tributed to a photo-electric action on an adsorbed layer formed under the 
discharge.**?” (The effect is not peculiar to chlorine). When chlorine is 
subjected to X-rays of 20—100kV. energy, secondary and also tertiary elec- 
trons are emitted (as with various other gases),7%° 

The emission of electrons during certain chemical reactions of chlorine 
is referred to in the sub-section on Chemical Properties (see page 385). 


Electron Affinity. | 

The electron affinity of the chlorine atom, i.e. the heat evolved in the 
reaction Cl + e —» Cl", has been derived from data obtained as listed in the 
following table. (Where necessary, the values in the table have been con- 
verted from electron-volts to kg.-cal./g.-atom). 


Electron Ref 
Method Affinity Beane 
kg.-cal./g.-atom 
Ionization potential of HCl 111, 98 30, 31 
Thermal dissocn. of Cl,, etc. 13 a2 
Convergence limit in Cl 89.3 SNe 
discharge spectrum 
Calcd. entropy of Cl” in soln. Gly) 34 
Consideration of isoelectronic 69 35 
series Ca’*, Kt, AssGl 
Absorption spectra of alkali 90+1 36 
chloride vapours 
Lattice energies of alkali 86-5, 83-0 37, 38 
chlorides 
Empirical extrapolation from 85 29 
ionization potentials 
Analysis of AlCl bands >99 <103 40 
Ions in KC] and NaCl vapours 86-6 4l 
Ionization of Cl atoms on W 92.7 42, 43 
surface at 2000°K, 1 85.84 
Collisions of NaCl, KCl, RbCl 
and CsCl mols. with Nieetierace (85-5 to 87-1 44 
at 2300 — 2600 °K. BO Dubded 45 
X-Ray absorption by alkali 85 46 


chlorides 
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The value preferred in the latest Landolt-Bérnstein tables is 3-78e.V. = 
87 kg.-cal./g.-atom.*” From the U.S. Bureau of Standards tables, values of 
85-81 and 87-31 kg.-cal./g.-atom can be deduced for the electron affinity at 
0° and 298°K. respectively,*® 

In a theoretical study of the collision of electrons with chlorine atoms, 
Massey and Smith found that the capture cross-section of the atom falls from 
a high value at small electron energies to a minimum value of 2-0 x 10°”? 
Sq.cm. at an energy of 2e.V., rises to a maximum of 3-5 x 10°”? sq.cm. at 13 
e.V., and thereafter diminishes again. *® 

Wahlin found 10°* as the value of the probability of attachment of an elec- 
tron to a chlorine molecule on collision,** whereas Bradbury found that this 
probability has a maximum value of 0-0026 for X/p = 7 (where X is the poten- 
tial gradient in V./cm., and pis in mm.).5° On the other hand, the collision 
of slow electrons with chlorine molecules is reported to be highly elastic, 
only 0-1% of the energy being lost in a collision at an electron velocity in 
the range 3—5°5 x 10’ cm./sec.; the mean free path of an electron moving 
initially at a speed of 8 x 107 cm./sec. in chlorine is 0-04 cm.*! The col- 
lision cross-section for the scattering of electrons of energy 2—50e.V. by - 
chlorine molecules varies between 8 and 2-1 x 10°** sq.cm., with a very 
marked maximum for an energy of 7-0 e.V.™ 

A quantity related to the electron affinity of an atom is its electronega- 
tivity. As derived by Pauling from consideration of the ‘extra ionic energy’ 
of bonds between unlike atoms, the value for chlorine is 3-0 on a scale which 
gives 2-1, 3-5 and 4-0, respectively, for hydrogen, oxygen and fluorine atoms. 
Mulliken, however, defined electronegativity as the average of the ionization 
energy (in a particular valence state) and the electron affinity; the value 
obtained for chlorine (p*, V, state) is then 9-81 + 0°02e.V. (2-69e.V. relative 
to the hydrogen atom as zero).** 


Proton affinity of Cl” ions. i 

This quantity, which is the energy evolved in the reaction Hgas + Cleas —> 
HCleas,can be calculated from the ionization potential of the hydrogen atom, the 
electron affinity of the chlorine atom, and the dissociation energies of H,, 
Cl, and HCl molecules. It has been estimated by various authors to have the 
values 326, 327, 321—328 and 323kg.-cal./g.-ion, respectively.°* ** 


Hydration of Cl” Ions. 

Estimates of the number of water molecules attached to Cl” ions in solu- 
tion, by various methods, give values ranging from 0 to 4.°° 

An early estimate of the heat of hydration of the ion was 161 kg.-cal./ 
g.ion.** More modern values are in the range 64-5 — 88kg.-cal./g.-ion.*” The 
Bureau of Standards tables give a value for the heat of formation of Clag, 
AH, = —40-023 kg.-cal./g.-ion, relative to that of HZq as zero.” 

For the entropy of hydration of Cl*, Kapustinsky found 13°50 g.-cal./deg. 
ge-ion, at 25°C., referred to STH*] = 0.8 Gapon calculated in various ways 
values ranging from 13°7 to 15-4 g.-cal./deg.g.-ion.® 

Miscenko made the following estimates of the enthalpy and free energy of 
solvation of Cl” ions by water and alcohols. 


7 _AH —AG —AG 
Solvent k eee kg.-cal./g.-ion. kg.-cal./g.-ion 
Be-Cale/ B10 (Born Equation) (Bjerrum Equation) 
Water 88 87 eae) 
Methyl alcohol 89 86 90 
Ethyl alcohol 90 85 ai 


It has been asserted that dubious assumptions were made in deriving 
these results. 
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Polarizability. a a : 

The polarizability of the free chlorine ion is given as ag. = 3-00 A’., or 
as a/r? = 0-51 x 10°%* (r is the ionic radius).©* Earlier values for a were 
3.53, 3-66 and 3.05 a%., respectively.°*"°° 


Mobility of Aqueous Ions. 

The mobility of aqueous chlorine ions has been determined by conductance 
studies on solutions of hydrochloric acid of of alkali-metal chlorides.°™” 
The agreement between recent workers is very close; hence it will suffice 
to quote the following figures as representative:*’ 


Temperature, °C. 15 25 35 45 
Mobility, loo q- 61-4 76.35 92.2 108-9 


The mobility of the ions in aqueous ethyl alcohol at 25° has values as 
follows:?? 


Mol. % EtOH 2-17 10-83 17-19 46.87 93.55 
Mobility, loo cj-60+2 34-2 28-2 23-2 22.4 


Electrode Potentials. 

The normal reversible potential at 25°C. (between chlorine gas at 1 atm. 
and a solution containing chlorine ions at unit activity) was found by Randall 
and Young to be 1-3583V.,”* virtually the same as Lewis and Rupert’s value 
(Mellor, II, 65). Schmid found 1-360V.for the e.m.f. between hydrogen and 
chlorine diffusion electrodes in N -HCl at 20°C.” 

On the basis of assumptions concerning equilibria between chlorine, hypo- 
chlorous acid, and chloride and hypochlorite ions, Hgye”*® found the electrode 
potential of chlorine in aqueous solution to be expressible by the equation:- 

~4 10 
E = 1-3434 —0-029 log a fore + eee | 


H HOC] Ht 


where a,,+ is the H*-ion activity and fq and foc, are activity coefficients 
for Cl” and HOC] respectively. The equation is inaccurate for pH values 
above 5. . : 

Overvoltage is commonly observed during electrolysis of solutions con- 
taining chlorine ions, and the technical importance of this phenomenon is 
explained in the section on the electrolytic production of chlorine (see page 
278). As an example of overvoltage measurements, figures from the work 
of Knobel et al.”° are given in Table XIII. 


TABLE XIII.- CHLORINE OVERPOTENTIALS AT 25°C.(V.) 


Electrode Materials 


Current 


Density Platinized Smooth Graphit 
amp./cm.? | Platinum Platinum en ee 


Other studies of chlorine overvoltage were made by Newbery,” Stender et al.,” 
and Chang and Wick.” Polarization voltage at a chlorine electrode can be 
reduced by the action of ultrasonic waves.°°® 

_ According to Hartley et al., the electrode potential at 25°C. of chlorine 
in methanol is 1-128 V., and in ethanol 1-060 V., with respect to hydrogen as 
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zero in the same solvent. * 


Table XIV gives values for the activity coefficients of aqueous chlorine 
ions:- 


TABLE XIV.- ACTIVITY COEFFICIENTS OF CHLORIDE ION IN WATER 


Total ionic Activity Totalionic | Activity | 
concentration | coefficient concentration | coefficient 


Occurrence of Positive and Multiply Charged Chlorine Ions in the Liquid Phase. 

In contrast with its normal appearance as an anion in an electrolyte, 
chlorine appears as a cation in the electrolysis, in pyridine solution, of N- 
chlorinated imides such as N-chlorosuccinimide.** This phenomenon probably 
depends on co-ordination of the Cl* ion with pyridine (a compound with the 
structure [Cl,(C,H,N),|*(NO,) can be isolated in solid form, m.p. 77°8°, after 
reaction of chlorine with silver nitrate in a mixture of dry pyridine and dry 
chloroform).°* No positive chlorine ions can be detected in aqueous hypo- 
chlorous acid, by a method which gives a positive result with hypobromous 
acid.®*” The subject of positive halogen ions has been discussed by Sidg- 
wick, who calculates that, owing to the ionic dissociation of water and the 
occurence of the dissociation HOC] == H* + ClO-, the maximum value which 
the constant of the dissociation HOC] == Cl*t + OH” could have in a normal 
hypochlorous acid solution is 3 x 1074, corresponding to [Cl]* = 5.5 x 10°" 
In 0:01 N-HOCI, the corresponding maximum figures would be 3 x 10°” and 
5-5 x 10°*° respectively. *® 

It has been suggested that polymeric negative chlorine ions, Cl}” and 
Clé, are present in fused silver and lead chlorides respectively.” 

The trichloride ion, Cl3, is discussed in the section on chlorine solutions 


(see page 367). 


Magnetic Properties of Chlorine and its Ions. 

From measurements of the Faraday effect on aliphatic halogen derivatives, 
de Mallemann and Gabiano found for the atomic magnetic rotatory power of 
chlorine the value 33 x 10°? (unit unspecified), as compared with 108 x 10°? 
for the Cl” ion.°° In a later paper they quoted the former result as 9.0—9-5 
x 10-5 radians, and compared it with 10-4 x 10°° radians obtained by measure- 
ments of magnetic rotatory power made on chlorine itself at 998 and 250mm.” 
Elsewhere Gabiano gave 0-71 as the value of the molecular magnetic rotation 
of chlorine gas, measured in (min. of arc). cm.?/gauss-mole.** Okazaki mea- 
sured the Faraday effect for salt solutions and determined the values of a 
function ® = Mnwd?/s(n? + 2)?, where n and w are respectively the refractive 
index and Verdet’s constant for light of wave-length A, M is the mol.wt. and 
s the density. The contribution to the value of ® due to a chlorine ion was 
calculated to be 11-17 x 107** (cf. ~1-41 x 1074 for a Ht ion, 0-61 x 10°"* for 
a K* ion)%* 

Values given for the atomic diamagnetic susceptibility of (combined) 
chlorine, derived chiefly from measurements on organic compounds, are re- 
spectively 20-1 x 10°® and 18-4 x 10-°.°%°* The values selected by Klemm 
for the diamagnetic susceptibility of the Cl” ion, in a review of the available 
data, were 28 x 10°° for the free ion, 28-0 x 10°° for the ion in aqueous solution, 
26.0 x 107° for the ion in crystals with co-ordination-number 6, and 25-7 x 107° 
‘in crystals with co-ordination-number 8.°° In a later review, Pacault listed 
30 values for the diamagnetic susceptibility of this ion, ranging from 20°1 to 
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24.2 in crystals, 17-6 to 25-1 in solution, 21-8 to 28 in the free state (experi- 
mental) and 23-6 to 41-3 in the free state (calculated theoretically): all 
these values are to be multiplied by 107%.” vee 
According to Bhuyan, a small increase in diamagnetic susceptibility 
occurs when chlorine is exposed to light, especially of the violet end of the 
spectrum. This is contrary to expectation, since irradiation gives rise to 


e ° 9 
paramagnetic atoms of chlorine.” 
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ATOMIC WEIGHT AND ISOTOPES OF CHLORINE, 
DIMENSIONS OF THE ATOM, ETC. 


Atomic Weight. 

The following determinations of the atomic weight were made in the © 
period surveyed in this Supplement (the values are expressed on the usual 
chemical scale). 


Authors Year Basis Result 

Magnus & Schmid’ 1922 Difference between limiting 35-455 
density of chloroform vapour 
& 4 that of benzene vapour. 

Moles & Clavera’ 1922 Ratio NaNO,:NaCl (evapn. 35-457 
of NaNO, with HCl) | 

Lorenz & Bergheimer? 1924 Ratio aha (synthesis 35-453 
SE Agel 

int] : 4 Ratio NaNO,:NaCl 35-457 

Zint| & Meuwson 192 A ae 

Batuecas® 1925 Density of CH,Cl (ex PCl,+ 35-470 
MeOH or Me,N.Cl) 

Moles® 1925 (Review) (35-458) 

Moles’ 1926 (Review) (35-458) 

Batuecas® 1926 Density of CH,Cl 35-465 
(ex Me,N.Cl) 

Zintl & Goubeau®* 1927. Ratio KNO,:KCl1, combined 35-456 
with KCl:Ag and AgCl:Ag +0.0003 
ratios 

Hénigschmid et al.%° 1927 (a)Direct synthesis of AgCl 35-457 
(b)CC1,—> HCl > AgCl 35-457 

Hénigschmid et al.°° 1931 Correction of preceding data. 35-456 

Scott & Johnson'® 1929 Ratio NOCI:Ag 35-4565 

Moles** 1929 (Review) (35-457) 

Honigschmid & Schlee*? 1936 Ratio AgNO,:AgCl 35-457 


In addition to the above, Blears and Mettrick (1947) using a mace rs a : 
graph obtained values of 35-452 and 35-462 by different methods of scanning. 
These results were regarded by the authors as a check on their instrument 
rather than as an atomic weight determination.’ | 

The internationally accepted value of ne atomic weight has remained — 
unchanged at 35-457 for many years.***5 This value is identical with that 
thought by Brunauer (1913) to be the most probable (Mellor, II, 104), a tribute — 
to the skill and care of the earlier workers at Harvard and elsewhere. 


Isotopes. 

The earliest work of Aston with the mass spectrograph revealed the exis- 
tence in normal chlorine of the isotopes of masses 35 and 37 (Mellor, II, 105). 
With one exception, where it was suggested that the isotopic masses are 34 
and 36,** all subsequent work has confirmed Aston’s findings. The existence 
of the two chlorine isotopes has been demonstrated also by observation of 
doublets in the band spectrum of hydrogen chloride*%*® and of silver chloride 
vapour," and further by magneto-optical observation of chlorine in aqueous 
solution?® and by mass analysis of negative chlorine ions emitted from oxide- — 
coated cathodes,”)?? 

In his first work, Aston obtained an indication of a third isotope, of mass 
39, but later concluded that this isotope was not present.?? Subsequent 
workers, however, claim to have detected *°Cl by observation of the infra-red 
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spectrum of hydrogen chloride, by the mass-spectrograph, and by the magneto- 
optical method.?%**"?7 Other workers again could not detect this isotope and 
concluded that if it exists in normal chlorine it must be present only in very 
small proportions; one investigator estimates that the amount present cannot 
exceed 1 part in 20,000.1*%?® It is now believed that there is no certain 
evidence for the existence of any stable chlorine isotope other than **Cl and 
37C], 

Refinements in mass-spectrographic technique have enabled the exact 
atomic masses of *5Cl and *’Cl (on the scale *°O = 16-0000), and their abun- 
dunce ratio, to be determined. Table XV gives these data and also the 
atomic masses found by other physical methods. 


TABLE XV.- ATOMIC MASSES OF ISOTOPES OF CHLORINE 


DETERMINED BY PHYSICAL METHODS 
Atomic Masses Abundance 
Authors Year =O sn1G Ratio 
“Cl | wel SOR VCl 
Aston?? 34.982 36-980 
Kallmann & _ 
Lasareff2” 
Bainbridge*° 34.9796 +0.0012 36°9777 +0-0019 
Aston** 34.9800 +0-0008 | 36-9775 +0-0008 
Nier & Hanson”® ae a 3-07 ¢ 0-03 
Menzies?” — — 3-15 
Okuda et al.®* 34.97903 +0-00038] 36-97786 +0-00036 
Pollard** 34-98107 T 3697829 f 
Okuda?*® 34-97881+0-00020] 36-97766+0-00012 
Gibert et al.*° 34-98054 { 
Madorsky & — 3°12 
Straus®” 
Blears & gf 3.15 ane 
Mettrick?? 3-07+0.02 


: Estimated from the Raman spectrum of carbon tetrachloride.. 


t Derived from the energies of @-rays emitted in transmutations 
of these isotopes. 


t Derived from energy relations in the reaction between neutrons 
and *5Cl nuclei. 


m Alternative values, according to the method of operating the 
mass spectrograph. 


For the ‘packing fractions’ of the chlorine isotopes, i.e. the value of the 
quantity (atomic mass -mass number) x 10*/(mass number), Aston** gave the 

values -5-71 and -6°10 respectively for *°Cl and *’Cl: Okuda’s** correspond- 
ing values were -6-06 and -6-03. 

The °5Cl/37Cl abundance ratio?® required by the accepted value of the 
atomic weight (35-457) is 3-10 (or 3-18 according to Aston’s earlier measure- 
ments of the masses).7® For technical reasons associated with intensity 
measurements in the mass spectrograph, and because of a slight uncertainty 
in the relation between the ‘physical’ (*8O = 16) and ‘chemical’ (O = 16) 
scales of atomic weight, the mass-spectrographic method has not in the case 
of chlorine been considered precise enough for an exact check of the atomic 
weight as determined by the very accurate chemical methods. ?%*® 
| With the object of testing whether the **C1/*’Cl abundance ratio in naturally 
occurring chlorine is always the same, numerous careful determinations of the 
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atomic weight of chlorine, derived from the most diverse sources, were made 
in the years following the discovery of the isotopes. These sources included 
Norwegian chlorapatite, Canadian sodalite, and sodium chloride from a Cen- 
tral African desert,*® apatite of great geological age,*® Balrue apatite,** am- 
monium chloride from Vesuvius,*? a meteorite and three minerals of non-marine 
origin,**** ‘shale balls’ associated with an Arizona meteorite,** urine*® and 
salt from four different strata of the Alsace deposits.*” In all cases the 
atomic weight was found to be the same as the internationally accepted value, 
within the error of the determinations. It is to be concluded that the isotopes 
have remained intimately mixed in their present proportions, at least for the 
greater part of the earth’s history. 

Urey has pointed out, however, that owing to the possible effect of isotope 
exchange reactions, the constancy of the atomic weight of chlorine in nature 
should not be considered absolute, because calculations of equilibria for 
exchange reactions involving the chlorine isotopes (see page 358) show that 


it is theoretically possible for the abundance ratio in the reactants to be — 


shifted sufficiently to cause changes of atomic weight as great as 0-031 unit. 
The observed apparent constancy may be due largely to careful duplication 
of purification procedures.***? The effect of isotopes on the entropy and 
free-energy function of chlorine has been referred to in the sub-section on 
thermodynamic properties (see pages 339,341). : 


Radioactive Isotopes of Chlorine. 
In addition to the two stable isotopes, there are the radioactive isotopes, 
shown in Table XVI, which have been made artifically by nuclear reactions. 


TABLE XVI.- RADIOACTIVE ISOTOPES OF CHLORINE 


Pt ek | eproperies eg ae aa 


Half-life Particles emitted 


(energies in MeV) 


Bt (4+13) 


Process of 
formation 


Isotope 


328 (d, n) 28sec, 


$35 (p, n) 2-4+0*2 sec. 

$5Cl(n, 2n) 33 min., 38min., | B*(1-3, 258, 4-55), 
*P(x,n)etc, | 33+-2+0-5 min. and y 

Cun) > 10* yr., fB (0-64), ? and K 
*5Cl (d, p) 0.44+0-05 x 10° yr, 7 
"Cl (n,y)etc. | 37min., 38min., | B (1-11, 2-77, 4-81), 


37-29 + 0-04 min. 
55°5 +0-2 min. 


and y 
a (y,p) Br (1-65, 2-96), and y 


In the second column of the table the process of formation of each isotope 
is indicated in the conventional manner, i.e. the first symbol is ‘the nucleon 
bombarded, the second is the bombarding particle or ray, and the third is the 
particle or ray emitted along with the chlorine isotope formed (8+ = positron, 
B* = electron, y = y-ray photon, p = proton,d = deuteron, n = neutron; K refer- 
ing to the absorption of a K-electron into the nucleus).. 
A report of the existence of a *°Cl isotope of half-life 50 min. (a B-emit- 
)** lacks any confirmation by other workers. 

For further information on these isotopes, the reader is referred to the 


ter 


radiochemical section (see page 963), and to published tables of isotopes. 


Separation of the Chlorine Isotopes. 

Among the earlier attempts to separate the stable chlorine isotopes, the 
most notable work was that done between 1920 and 1928 by Harkins and his 
collaborators, employing fractional diffusion of hydrogen chloride through 
porous porcelain pipeestems. The procedure was to pass pure hydrogen 
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chloride through 12 metres of pipe at such a rate that 95% of the gas diffused 
through the walls. The remaining 5%, which traversed the tube length, was 
treated similarly, and so on for four cycles in all, giving a final ‘heavy’ 
fraction containing chlorine of atomic weight 35+512, i.e. 0055 unit higher 
than normal. Conversely a ‘light’ fraction could be obtained, containing 
chlorine of atomic weight 35-418, or 0-039 unit lower than normal. The 
efficiency of isotope separation was about 60% of that predicted by Rayleigh’s 
theory of diffusion.°°” 

Bronsted and Hevesy, by repeated fractional distillation of 8-6 M-hydro- 
chloric acid in high vacuum at -50°C., obtained heavy and light fractions 
which, after conversion into sodium chloride, exhibited density differences 
indicating 0-024 unit difference in atomic weight (6.5% change in the isotopic 
ratio).”* This result was confirmed by Harkins.®’ Other workers attempted 
without success to obtain isotopic separation by fractional distillation of 
liquid chlorine or of chloromethanes,’%’* but Stedman, by slow distillation 
of carbon tetrachloride through a column rated at 110 ‘theoretical plates’, at 
a 3000: 1 reflux ratio, obtained light and heavy fractions in which the atomic 
weights of chlorine differed by 0-048 unit; a similar treatment of methylene 
chloride gave a lesser separation.’”® 

Kuhn and Martin tried a photochemical method of separation which depen- 
ded on prolonged irradiation of phosgene by light of wave-length 2816-18 A. 
(from an aluminium arc), this wave-length being close to one of the absorption 
bands of CO*5Cl,, but somewhat separated from the corresponding bands of 
CO%*C1 *7Cl or CO%"Cl,. The liberated chlorine had an atomic weight 0-025 
unit lower than normal.”’ Similarly, irradiation of chlorine dioxide by light 
of wave-length 3663-27 A. (from a mercury lamp), corresponding to one of the 
absorption bands of *5Cl10O,, yielded chlorine of atomic weight 0-016 unit 
lower than normal provided that the vessel was packed with Raschig rings to 
minimize the propagation of reaction chains.”® 

By oxidizing hydrochloric acid with a mixture of nitric and sulphuric acids 
containing potassium permanganate until 10°5% of the original hydrochloric 
acid remained, Ogawa obtained a residual acid containing chlorine with an 
atomic weight 0-014 unit lower than normal. Similarly, by oxidation with 
potassium permanganate and sulphuric acid until only 5.1% of the original 
hydrochloric acid remained, he obtained a reduction in atomic weight of 
0.037 unit. This confirmed Ogawa’s theory that the heavier isotope should 
concentrate in the more positively polarized state i.e. free chlorine.”° 

By interaction of pure carbon tetrachloride with sodium amalgam until 
the former was half decomposed, and repeated distillation of the residue to 
remove a trace of by-product (presumably hexachloroethane) Bradley®° obtained 
carbon tetrachloride with a slightly increased density, corresponding to an 
increase in the proportion of *’Cl by a factor of 1-0013. 

Evidence of isotope separation by ionic-migration was observed when 
chlorine ions were caused to migrate a distance of 10—20 metres into a gel 
containing sodium hydroxide. More recently, by means of an electro- 
migration cell in which chlorine ions were transported from a sodium chloride 
solution into a sodium hydroxide solution lying beneath, with counter-current 
flow of the liquid to maintain a static NaOH/NaCl boundary, Madorsky and 
Straus*”? obtained after a run of 474 hours a chloride sample in which the 
proportion of *°Cl had been increased from 75-76% to 80-77%. 

Yacoubyan electrolyzed a solution, containing initially 3N-hydrochloric 
acid and 20% sodium chloride, until the amount of Cl" ion had diminished from 
36kg. to 24g. The atomic weight of the chlorine in the residue increased by 
0-016 unit.®? On the other hand no evidence of isotope separation was found 
on examining the residues from a bath which had been used continuously for 
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30 years for the electrolytic production of potassium chlorate, or in sodium 
chloride and alkaline earth chloride residues from the electrolytic production 
of sodium. A sample from a chlorine still which had been used over a long 
period indicated that the residues had possibly been enriched in *’Cl to the 
extent of 0-1%, % 


Johnston and Hutchinson determined the electrolytic separation coefficient — 


a (defined as dlog (*5C1)/ dlog (*7C1)) for the electrolysis of aqueous sodium 
chloride with a platinum anode. The value obtained was 1-0060+0-0005, as 
compared with the value 1-0068 calculated from Yacoubyan’s work.®* A later 
determination of a gave the value 1-0063, constant over the range 15 — 40°C, 


a 


vo 


and independent of current density; in this case the change of atomic weight | 


after 85% of the salt had been consumed was 0-0046 unit. * 


Urey and his collaborators found that a slight enrichment of **Cl in the 
liquid phase can occur by an isotope-exchange reaction between hydrogen ~ 


chloride and its aqueous solution.*® Urey has also estimated the possibility — 


of isotope-ratio changes in several other exchange reactions involving chlorine 
isotopes (see page 354). | 
By centrifuging liquid ethyl chloride at high speed at 200°K., and grad- 


ually withdrawing vapour by evacuation through the centrifuge shaft, Armistead : 
and Bearns obtained first and last fractions which differed in isotope ratio by — 


12%. This result agreed with theoretical predictions. *’ 
Virtually complete separation of the chlorine isotopes was first achieved 
by Clusius and Dickel (1938), using the thermal gas-diffusion principle. 


88 


This method depends on the fact that, with a mixture of gases contained ina — 


vertical cylinder provided with a heating element along its axis and having © 


its wall externally cooled, a greater concentration of the lighter molecules of 


the mixture tends to be produced at the axis of the cylinder and conversely a © 


greater concentration of the heavier molecules at the wall. Hence, owing to 
convection up the axis and down the cooled outer wall, the lighter and heavier 
molecules tend to be concentrated at the top and bottom of the cylinder re- 


spectively, so that separated fractions can be gradually drawn off. (A full | 


explanation of the mechanism of the effect requires consideration of the more 
complex aspects of the kinetic theory of gases).*° 


Clusius and Dickel operated with hydrogen chloride since the separation 


factor, which depends on the nature of the intermolecular repulsion forces, is 
more favourable with this gas than with chlorine. They used a series of 
tubes of 84 or 12-8 mm. diameter, having a total height of 36 metres. The 
temperature gradient was created by means of a platinum wire of 0-4 mm. 
diameter, heated at 690~740°C., located along the axes of the tubes by 
means of thin perforated platinum plates mounted at 60 cm. intervals. The 
process was operated continuously, several days being required to obtain the 
first yield of nearly pure **Cl, but several weeks for the first yield of *’Cl. 
Their papers give details of the many factors affecting the degree of separa- 
tion and the rates of transport of the isotopes towards the ends of the tubes. 
The daily output achieved-was 16 c.c. of gaseous hydrogen chloride. in which 
the chlorine had an atomic weight of 34+979 (99-6% of *8Cl), together with 8 
CC. of gas in which the chlorine had an atomic weight of 36-956 (99-4% of 
Cl). The energy required per mole of hydrogen chloride separated was 3+7 x 
10° g.-cal., or 1.1 x 10° times the theoretical work done in separating the 
molecules (12 times the amount calculated for the actual process).°°*? 

The thermal-diffusion method has also been applied to hydrogen chloride 
by later workers who, however, did not carry it to the point of achieving so 
good a separation of the isotopes.°**® It has also been. used with carbon 
tetrachloride vapour, but the process was not carried beyond the point where 
there was 05% change in the isotope ratio. ® 
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Another method which has been used to separate the chlorine isotopes 
completely, though in small amounts, is electromagnetic separation in a 
calutron (a type of cyclotron). Cuprous chloride was the raw material used, 
and the beams of mass number 98 (Cu28CI*) and 102(®Cu27Cl*) were col- 
lected.*” 

Other methods of attempting to separate the chlorine isotopes include 
fractional absorption of hydrogen chloride in water or aqueous ammonia,” 
fractional desorption of hydrogen chloride from charcoal,”® fractional dialysis 
of sodium chloride through membranes,’ solution of hydrogen chloride in 
ferric chloride solutions, or the formation of ‘solid salts of magnesium oxy- 
chloride and carnallite’,*° and causing sodium chloride crystals to flow in 
counter-current against asaturated solution of the salt in aqueous methanol.*” 
In all these cases the degree of separation achieved was zero within the 
experimental error, but probably in some instances a positive result could 
have been obtained with more refined technique, especially in the atomic- 
weight determinations. 


Exchange Reactions with Chlorine Isotopes. 

As with many of the other elements, exchange reactions involving natural 
and radioactive chlorine isotopes have been used as a tool for investigating 
reaction mechanisms, physical and chemical equilibria, etc. Examples of 


TABLE XVII.- EQUILIBRIUM CONSTANTS FOR 
EXCHANGE REACTIONS BETWEEN PAIRS OF IONS 
OR MOLECULES CONTAINING CHLORINE ISOTOPES 


MGUOTT. | LS AoROGS |. SOLO: (ou HCl | Temp. 
ei pei | LS Woes ipa eh veel Hcl K. 


1.0972 1.0551 1.0360 1.0050 


1.0847 1.0478 1.0313 1.0046 
1.0521 1.0291 1.0185 1.0032 
1.0353 1.0196 1.0130 1.0024 


1.0140 1.0094 


Values of K, 


1.0253 1.0019 
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such uses are the estimation of the velocities of the forward and reverse 
reactions in the equilibrium Cl, + Cl = Cl§ (see page 384), the demonstra- 
tion that all five chlorine atoms in PCl, are probably equally reactive,*® and 
the investigation of the mechanism of reactions involving reduction or oxida- 
tion of chlorite ions.***°° 

Equilibria for some of the simpler exchange reactions of chlorine isotopes 
were calculated by Urey. If A, and B, are two molecules containing *°Cl, 
and A, and B, are two similar molecules containing *’Cl, then the equilibrium 
constant for the reaction aA, + 6B, = aA, + DB, is expressible by K =(Q,,/ 
Q14) /(Q28/Qin)”, where Q,,, etc., refer to the partition-functions for re- 
actions between A, and *8Cl, etc. The Q,/Q, ratios can be calculated with 
the aid of the symmetry numbers and vibration frequencies of the molecules. 
Table XVII gives values of 0,/Q, for five ions or molecules, as calculated by 
Urey for five temperatures, together with the derived values of K for exchange 
reactions between pairs of these ions or molecules. Where K exceeds unity, 
the *’Cl isotope will concentrate in the compound listed on the left of the 
table, and K will tend to infinity as the temperature falls to O°K. As noted 
earlier (see page 354), these exchange reactions could lead to appreciable 
variation in the observed atomic weight of chlorine. ** 

For the interchange of chlorine molecules with each other, i.e. in the 
reaction **Cl, + *7Cl, = 2°°Cl°’Cl, the value of AE® derived from spectroscopic 
data is 0°18cm3' or 0-51g.-cal./mole, and A(G°—E9)/T at 298-1°K, = =2+7549 
g.-cal./deg./mole. Hence from the equation AG°/T = —R1nK the equilibrium 
constant K = (*®C137C1)?/(#5Cl,) (?7Cl,) has been calculated to have the value 
3:9997 at 298-1°K., (the value would be exactly 4 if the formation of each 
type of Cl, molecule were a matter of pure chance). At absolute zero, K = 0 
and at equilibrium all the molecules would either be *5Cl, or *7Cl,.?% 

Further references to exchange reactions of chlorine isotopes will be found 
in the section on the radiochemistry of chlorine (see page 1013). 


Dimensions of Chlorine Atoms, Ions and Molecules. 

The covalent radius of the chlorine atom, i.e. the average contribution 
made by it to the length of a single covalent bond joining it to another atom, 
is 0-99A. This value is based on analysis of the spectrum of the chlorine 
molecule (see page 627), and on the internuclear distance in the chlorine 
molecule as found by electron-diffraction measurements. The value calculated 
for a doubly-bound chlorine atom is 0°90A,'°%!°® A more recent estimate is 
0-995 A. for the singly-bound atom and 0-894. for the doubly-bound atom, these 
estimates being based on consideration of the packing radii of organic mole- 
cules.’ i 

Estimates of the radius of the space occupied by a chlorine atom are: 
from the viscosity of carbon tetrachloride vapour 1°:2A.}*° from the b.p. of 
liquid chlorine ¢3-2A(?),*** from the parachor 1-44A,,1!2 and from consideration 
of co-ordination numbers 1°45A.*** Pauling gave 180A. as the ‘van der 
Waals’ radius of the atom.!°% 

The radius of the Cl” ion, as in alkali-metal chloride crystals, is 1-814., 
this value being derived from X-ray measurements of lattice spacings supple- 
mented by consideration of molecular refractivities or of atomic ‘screening 
constants’.*°? In aqueous solution, this ion has an effective radius about 
3, A. (Mellor, II, 65). Estimates of 0-26A. and 0-494, have been made for the 
radii of the Cl’* and Cl* ion respectively.!? Earlier estimates of 0-96 — 
1-17A. for the radius of the Cl” ion in crystals*!*!1® were based on erroneous 
estimates of the relative contributions of the positive and negative ions to 
the lattice spacing. 

In the chlorine molecule the inter-nuclear distance is twice the above 
covalent radius, i.e. 1-98 or 1°99A, (one measurement by electron diffraction, 
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however, gave 1+995 or 2:009A.).**7 Values calculated for the ‘collision’ dias 
meter of the molecule from viscosity measurements on the gas (see page 328) 


ac" Temperature in °K. 288-8 373 498-7 747.5 v.high 
Diameter in A. 5-47 5-13 4.83 4.46 3.68 


The value of o, derived from critical data and the van der Waals constant b is 
SIs4A0° -A cereal consideration of the internal pressure and surface 
tension of liquid chlorine gave 3°69A, as the normal diameter of the molecule, 
and 3-48A, as the diameter of the sphere impenetrable by another molecule 
without the application of a very large force.'*® 

Calculations of the extent to which the average internuclear distance in 
the chlorine molecule is increased by the acquisition of vibrational and rota- 
tional energy at various temperatures have been made.}?° 
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SOLUTIONS OF CHLORINE IN WATER AND OTHER SOLVENTS 


Solubility of Chlorine in Water. ad i 

Values reported for the solubility of chlorine in water at 25°C. anda 
partial pressure of 1 atm. are respectively 0.0923 molal* (moles per 1000 g. 
of water) and 0-0921 molar.’ Me 

Whitney and Vivian*® determined the solubility over a range of temperatures 
and pressures by a flow method; their results (here abbreviated) are given in 
Table XVIII. 


TABLE XVII. - SOLUBILITY OF CHLORINE IN WATER 


0.0601 
0.0660 
0-155 


0.292 
0.498 


At a chlorine pressure about 1 atm., these results show deviations of 
0-3~—1.1% from those of Winkler.* Fig. 2 gives the results graphically and 
Fig. 3 shows the extent of variation from the results of Adams and Edmonds 
(below). The total molal concentration (c) of chlorine dissolved is given by 
the equation c = Hp + (KHp)4, where H is the partition coefficient of unhydro- 
lysed chlorine between air and water, p is the partial pressure, and K is the 
hydrolysis constant, (moles/1000 g. water)?; | Whitney and Vivian’s values 
for H at 10, 15, 20 and 25°C. were respectively (in moles/1000 g. water/atm.) 
11-6, 9.35, 7-75 and 6-23 x 10°? (their values for K are given later, see page 
365). A nomograph is available, based on their solubility data.° 

Among earlier workers, Titov gave the formula (y—1-748)* x? = (72°52)° 
to express the partition of chlorine between water and air at 20°C.; here x 
is the volume of chlorine per 1000 volumes of air and y is the volume dissolved 
in the water under the corresponding partial pressure.© Adams and Edmonds 
derived a formula (based on earlier work)3°. 


5 - 10-9yP nisale 
pRT pRT 

where c is in moles/l., K is the hydrolysis constant, P is the partial pressure, 
y corresponds to H above and yp is a factor correcting for deviation from per- 
fect-gas behaviour. Table XIX gives a selection of the solubility values, 
calculated with the aid of this formula and Jakowkin’s experimental data 
(cf. Fig. 3). Up to 80°, these values show deviations of -4-2 to + 2-1% from 
those given in ‘International Critical Tables’* (the deviation at 90° is 21%).° 

Various authors have determined coefficients for the rate of continuous 
solution of chlorine in water, in packed towers. As expected from the low 
solubility, the rate of solution depends on the temperature and the liquor 
flow-rate, but not on the gas flow-rate,**? showing that the factor limiting 
the solution rate is the diffusion of chlorine from a saturated layer of solu- 
tion in contact with the gas. 

The rate of evaporation of chlorine from aqueous solutions stronger than 
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Fig. 2, SOLUBILITY OF CHLORINE IN WATER AT CONSTANT TEMPERATURE 
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F ig. 3. COMPARISON OF CALCULATED DATA OF ADAMS AND EDMONDS WITH 
EXPERIMENTAL DATA OF WHITNEY AND VIVIAN 


0-001M. is reported to be controlled by the rate of diffusion of the chlorine 
to the air/liquid surface. With weaker solutions, the rate depends on the 
partial chlorine pressure, but not if hydrochloric acid is present.** 
The solubility of chlorine in aqueous solutions of salts and acids is dis- 
cussed later (see page 367). 
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TABLE XIX. - SOLUBILITY (g.Cl per l. of solution) OF CHLORINE IN 
WATER DERIVED BY USE OF ADAMS AND EDMONDS’ FORMULA 


Temperature, °C. 


Eis EE a ee 


Chlorine hydrate separates 


Chlorine Hydrate. , 

Bouzat and Azinieres prepared chlorine hydrate by shaking water and pure 
liquid chlorine together in a sealed tube at 0°, with exclusion of bright light, 
and allowing the excess of chlorine to evaporate through a capillary opening 
after being kept overnight. Analysis of the crystals by two methods gave. 
Cl,,6H,O as the probable formula.** Anwar-Ullah repeated this work and 
obtained a mean result of Cl,,6-12H,O from four preparations which were 
kept 4—9 months before the tubes were opened (the results were more re- 
producible when long periods were allowed for reaction). He prepared the 
hydrate also by passing chlorine into water at 0° and sucking the crystals 
dry in an atmosphere of chlorine in a specially designed filter; again the 
results of analysis approximated to the formula Cl,,6H,O, and he attributed 
the higher degrees of hydration, reported by some of the earlier workers 
(Mellor, II, 72) to imperfect drying of the crystals or incomplete reaction 
between water and chlorine.** 

By application of the Clapeyron-Clausius equation to Roozeboom’s values 
for the vapour pressure of chlorine hydrate above and below 0° (Mellor, II, 72), 
Harris calculated AH = 17870 g.-cal./mole for the dissociation into chlorine 
gas and water, and 6413 g.-cal./mole for the dissociation into chlorine gas 
and ice. The difference between these, divided by the molecular heat of 
fusion of ice, gave 7-97, i.e. approximately 8, as the number of water mole- 
cules per molecule of chlorine.**® Von Stackelberg, however, also using 
Roozeboom’s data, arrived at 15500 and 7100 g.-cal./mole, respectively, for 
the above heats of dissociation; from these he calculated'’ the number of 
water molecules per molecule of chlorine to be 5:97, i.e. approximately 6. 
Bouzat, using unspecified vapourspressure data, likewise deduced the formula 
Cl,,6H,O.** It is clear that the balance of evidence now favours the formula 
Cl,,6H,O for this hydrate. 

Tammann and Krige gave for the vapour pressure of chlorine hydrate the 
equation t = 49-0 (log p+0-4707), where ¢ is in °C. and p in kg./sq.cm.** 

Von Stackelberg determined the heat of formation of chlorine hydrate 
directly, by causing chlorine to react with hydrate-saturated cold water, and 
obtained the value 16900 g.-cal./mole, notably higher than that calculated 
from vapour pressure data. He also, by means of an X-ray powder photograph, 
found the lattice constant of the hydrate to be 11°98 + 0-05 A.; the unit cell 
contains 8 chlorine molecules and they are free to rotate. The density cor- 
responding to these X-ray data is 1-37 + 0:02 g./c.c. (cf. 1-29 + 0-02 obtained 
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' pyknometrically). The same author calculated that the heat of formation of 
the hydrate from ice and solid chlorine would be only 500 g.-cal./mole.*’ 


Heat of Solution of Chlorine in Water. 

From measurements of the heat of reaction of gaseous chlorine with 
aqueous alkali, Neumann and Miller calculated that the heat evolved in the 
reaction Cl,(gas) + aq. —» Htaq. + Cl°aq. + HOClag. is 0-22 kg.-cal./mole.?° 
From this and other available data, Roth estimated that if there were no 
hydrolysis the heat evolved would be about 6°9 kg.-cal./mole.** The actual 
observed heat of solution varies between these two values (Mellor, II, 74). 

Liebhafsky noted that application of the Arrhenius equation to the solu- 
bility curve of chlorine indicates a varying heat of solution between 0° and 
50°C. (even after allowing for varying hydrolysis); this he showed could be 
accounted for semi-quantitatively by assuming a varying degree of hydration 
of the chlorine molecules.” 

The diffusion coefficient of chlorine in water at 25°C. was reported to be 
1-16 g./sq.cm./day” (cf. Mellor, II, 74). 


Constitution of Chlorine Water. 

It has long been realized that chlorine water consists essentially of an 
equilibrium mixture of chlorine, water, hypochlorous acid and hydrochloric 
acid, the last existing almost entirely in the form of its ions H* and Cl” (Mel- 
lor, II, 76). Table XX summarises recent values for the equilibrium constant 


x _ AH lIcr I fHoct] 
ee cl 


TABLE XX.- HYDROLYSIS CONSTANT OF CHLORINE IN WATER 


~ Author Date | Temp.) Values’ Method 
* Ga; >) 0f8108 XK 


Roth?# Cryoscopic 
Whitney 
& Vivian* 


(all concentrations in moles per litre), 


Solubility of 
the gas 


Connick?* 
Recalculation of 
Jakowkin’s results 


Hagisawa”* 
Cts 
Jakowkin’ 


pH measurements 


partition between 


Conductivity; also 
water and CCl, 


The maximum conversion of chlorine into (free) hypochlorous acid occurs” 
when the pH is in the region 5—6. 

It has been stated that, at higher temperatures, the equilibrium 3H,O + 
3Cl, == HCIO, + 5HCl becomes important, and that an equilibrium constant 
K = [tcl PIC107]/ [Cl,]* could be determined by heating chlorine water, 
with manganous chloride as catalyst, in completely filled sealed tubes at 
91°C, The value found for K was 43 x 10°’ (the two acids were assumed to 
be only 77% dissociated), and for the free-energy change AG = 10,600 geecal./ 
mole.” In view of the high powers of [H*] and [Cl] in the expression for K, 
these results would seem of doubtful value. 

It is agreed (if one observation”® is excluded) that the hydrolysis Cl, + 
H,O ~» Ht + Cl” + HOCI is a very rapid reaction. Shilov and Solodushenkov 
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measured the reaction rate by a streaming method in which a concentrated 
chlorine solution was rapidly mixed with water, and caused to flow at high 
speed past successive pairs of electrodes for measurement of the conductivity, 
the progressive formation of H” and Cl” ions being thus estimated. When 
chlorine water of initially 0.044—0-064 molar concentration was diluted to 
0.006 —0-024M., it was found that the conductivity became constant in 1 sec. 
at about 1°C., and in 0-2-0+3 sec. at 17-6°,*’(previous work by Shilov and Ku- 
pinskaya had indicated that the reaction needed 1-2 min. for completion.” 
The first-order velocity constant of the hydrolysis was calculated to be 105 
mint! at 1° and 540 min.' at 17-6°, the velocity constant of the reverse reaction 
at 1° being 6-7 x 105 (presumably expressed in mole~* 1.* min.*). These 
velocity constants were confirmed by measurements of the rate of reaction 
between hypochlorous acid and phenol, which reaction requires the reversal 
of the hydrolysis as an intermediate step. To observe the reversal of the 
hydrolysis directly, a 0:0169 molar solution of hypochlorous acid was caused 
to react with 0°0225 M-hydrochloric acid by the streaming method at 3°C.: 
the conductivity became constant in about 0-5 sec.7%”? 

Since the hydrolysis velocity ‘constants’ found in this way diminished with 
time, Morris suggested that the results could best be interpreted by assuming 
that chlorine reacts with hydroxyl ion rather than with water (Cl, + OH == 
HOCI + Cl"), and he derived velocity constants and AG values for this latter 
reaction.*° Shilov and Solodushenkov rejected this mechanism because it 
could not be reconciled with their later, more accurate, experiments.** 

Another worker calculated the velocities of the hydrolytic and reverse 
reactions from measurements of the rate of oxidation of arsenious acid by 
chlorine in aqueous solution at 25°. His values were for the hydrolysis rate 
constant 0-2073 and for the reverse rate constant 4-55 x 10°*. As the units 
in which these constants are expressed were unspecified, it is not possible 
to compare his results with those of the Russian workers.” 


Light Absorption by Chlorine Water. 

Several workers have measured the extinction coefficients of chlorine 
water and found, after the effect of hydrolysis is allowed for, that the co- 
efficients for dissolved chlorine are nearly the same as those of the gas.*?** 
According to Ferguson et al., this is true only down to 350 mp, below which 
the dissolved chlorine absorbs more strongly than the gas (log a= 1-9 at 320 
mp, 1-2 at 270mp and 2-0 at 220mpu). Also, in 4—10 M-hydrochloric acid, 
chlorine shows an intense absorption band below 290mp. Ferguson et al. 
attributed this to the formation of complexes such as Cl,.OH™ or HC1,.OH (in 
water) and Cl3 (in hydrochloric acid — see below).** (See also page 349). 


Photolysis of Chlorine Water. 

Several studies of the reactions occurring in chlorine water on exposure 
to light have been made by Allmand and collaborators. They found that 
chloric acid and oxygen are formed, but not perchloric acid or hydrogen 
peroxide (cf. Mellor,II,81). The conversion to chloric acid was 61—64% if 
the reaction was carried almost to completion, but was less if the reaction 
was interrupted at an early stage (e.g. 45°6% conversion to chloric acid for 
14°5% decomposition, and 29-1% for 10-8% decomposition). The presence of 
a small concentration of added hydrochloric acid, up to 0-06 N., possibly 
increased the yield of chloric acid, but larger amounts definitely diminished 
it, e.g. at 0-340 N-HCI the yield was 24°0% (for 78% decomposition), and at 
1:91 NsHCl the yield was only 1-9% (for 75% decomposition). The yield of 
chloric acid was lowered slightly by adding alkali-metal chlorides, but the 
presence of lithium sulphate increased it. 

Corresponding to the absorption spectrum, the decomposition is brought 
about by light of all wave-lengths in the range 313—436myp (at least), the 
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quantum yield increasing towards the ultra-violet. In their earlier work, 
Allmand et al. found quantum yields (expressed as molecules of chlorine or 
hypochlorous acid reacting per quantum absorbed) up to 2:1 for 0°5 molar 
solutions at 365 mp and room temperature (at 46% decomposition), but in their 
latest work the highest values found at 365mp were 0-84 —0-99 for 0.021 — 
0-039M-solutions, at 10—25% decomposition. Quantum yields obtained at 
436mp and 313 mp were respectively 0-41 (7% decomposition) and 1-94 (11% 
decomposition). The quantum yields diminished progressively with addition 
of hydrochloric acid, and were also somewhat reduced by the presence of 
alkali-metal chlorides. The temperature coefficient in the range 20~30°C., 
varied between 1-11 and 1-46 according to the wave-length. 

The same authors also investigated the photolysis of hypochlorous acid 
solutions of pH 1-9—8.1 and of sodium hypochlorite solutions of still higher 
pH. The quantum yield for the decomposition was highest at pH 7-5, where 
a value of 1-94 in light of wave-length 365 mp was obtained (for 11% decom- 
position). (See also page 514). 

In their latest paper, the mechanism proposed for the first steps in the 
photolysis of chlorine water was (1) Cl, + hv — 2Cl, (2) Cl + H,O > Ht + 
Cl’ + OH, (3) OH + Cl, > ClO + H* 4+ CI". It was suggested that, in dilute 
solutions with a low free-radical concentration, the ClO radical then reacts 
thus: (4) CIO + Cl, + H,O -— O, + 2H + 2Cl” + Cl, (5) Cl+Cl, +H,O > 
2H+ + 2Cl + ClO, a slow chain-reaction which would account for the delayed 
evolution of oxygen observed after irradiation is discontinued. For higher 
radical concentrations, the reactions suggested were: (8) CIO + OH — Ht + 
Cl- + O,, or (9) 2C1O0 + H,O —> 2Hiahe Clas ClO} (more chloric acid is pro- 
duced in concentrated solutions), Another possibility is (10) ClO + H,O > 
HO, + Ht + Cl’, (11) HO, + CIO + H* + C103, Reasons given for the low 
quantum yields found in spite of these chain reactions were (a) the recom- 
bination of some of the pairs of chlorine atoms formed initially in (1), and 
(b) the endothermicity, —8kg.-cal./mole, of reaction (2). The retarding 
effect of hydrochloric acid was attributed to a reaction Ht + Cl” + OH > 
H,O + Cl, and that of alkali chlorides to a reaction Cl + OH —>Cl+ OH’. 
It was suggested that the preferential formation of oxygen rather than chlortc 
acid in the initial stages is due to the presence then of more hypochlorous 
acid: (a) OH + HCIO —> H,O, + Cl, (b) H,O, + HClO > H,0 +H* +Cl° +0, or 
H,O, + Cl, > 2H’ + 2CI°+ O,.3775%6 Tt appears that further work would be 
needed to establish these mechanisms quantitatively. 

It has been reported that the decomposition of chlorine water in diffuse 
daylight (and possibly also in the dark) is accelerated by the presence of 
calcium or ferric chloride, or of magnesium sulphate, or of manganese di- 
oxide.*”7. Buchanan and Dodge found that residual chlorine in sterilized water 
was most readily lost when the wave-length of light irradiating it was between 
250 and 300 mp,** but here there may have been an effect due to the presence 
of organic matter. 

Sanyal and Dhar found that the electrical conductivity of a weak solution 
of chlorine water, kept in the dark, showed a steady increase from the time of 
preparation. The conductivity of a strong solution remained constant.” 


Solubility of Chlorine in Acid and Saline Solutions. The Cl; ion. 

Sherrill and Izard measured the solubility and activity coefficient of 
chlorine in aqueous solutions of acids and salts at 25°C. Table XXI 
gives some of their results, adjusted to a chlorine partial pressure of 
760mm. The activity coefficients given are the ratio of the concentration of 
unhydrolysed chlorine, in a saturated solution in pure water, to the same con- 
centration in the acid or salt solution concerned. The solubilities quoted 
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however, refer to the total amount of chlorine dissolved, expressed as molality © 
(moles per 1000g. water). 


TABLE XXI.- SOLUBILITY AND ACTIVITY COEFFICIENTS 
OF CHLORINE IN CERTAIN AQUEOUS SOLUTIONS 


In Aqueous Sulphuric Acid 


Molality of H,SO, 
Cl, solubility, molal 


In Aqueous Sodium Chloride 


Molality of NaCl {0.501 10.998 |2.991 |3.989 | 4.989 
Cl, solubility, molal] 0.0658] 0-0580|0-0416] 0.0360] 0.0309 
Activity coefficient |1-151 | 1-319 |2-318 |3.075 | 4.076 


With potassium chloride solutions it was found that the chlorine solubility 
was rather greater, and with barium chloride solutions rather less, than with 
sodium chloride solutions of the same molality. It is to be noted that small 
concentrations of hydrogen chloride diminished the solubility, owing to re- 
versal of hydrolysis, but that larger concentrations increased it. Sherrill 
and Izard agreed with earlier work (Mellor, II, 83) in ascribing this solubility 
increase to the formation of trichloride ion: Cl, + Cl” ==Clj. The trichloride 
ion is presumably also formed in alkali chloride solutions, but there its in- 
fluence on solubility is offset by the salting-out effect, which (as shown by 
the activity co-efficients) is much higher than in hydrochloric acid solutions.** 

By making certain assumptions concerning relative salting-out effects on 
oxygen and chlorine in solutions of acids and salts, and assuming that Jakow- 
kin’s hydrolysis constant was still valid, the same authors were able to 
derive values for the trichloride-ion concentrations and hence for the equili- 


; walle 
brium constant K = a ode »where Qdenotes an activity coefficient. If 


acl; were taken equal to dq, and pq, = 1 atm., the value found for K in hydro- 
chloric acid solutions was about 0:01, but K was considerably less in concen- 
trated solutions of alkali metal chlorides. With K = 0.01, AG for the reaction 
Cl(gas) + Cl(aq.) -— Cl{aq.) = -2730g.-cal./mole, and for the reaction 
aH(gas) + %4Cl (gas) -mH*(aq.) + Claq.) AG = -28637 g.-cal. per mole of 

3 

Kiss and Urmanczy similarly measured the solubility of chlorine in a num- 
ber of chloride, sulphate and nitrate solutions. Their results, referring as 
before to total chlorine dissolved at 25°/1 atm., are shown in Fig. 4. The 
agreement with the results of Sherrill and Izard for sodium and potassium 
chloride solutions is very close when due allowance is made for the different 
methods of expressing concentrations. It is to be noted that the curves for 
sulphate solutions show initially an increase in the chlorine solubility. By 
assuming that the salting-out coefficients were the same as previously found 
with iodine in corresponding salt solutions, Kiss and Urmanezy calculated 
hydrolysis and trichloride-ion equilibrium constants which varied in a complex 
manner with the nature and concentration of the salt. Their values for K = 
LCLJ{CI-JAC13] were much higher for potassium and sodium chloride solutions 
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Fig. 4, SOLUBILITY OF CHLORINE I’ AQUEOUS SALT SOLUTION 


than those of Sherrill and Izard expressed on the same basis. By extrapola- 
tion, they found? that for chlorine in pure water K = 4-00, corresponding to a 
concentration of Cl; = 0.00047 mole/L., against 0.0609 foe (Cl,) and 0:0306 
each for HOC], H* and Cl’. Expressed in this way Sherrill and Izard’s con- 
stant would fave a value about 6. 

Earlier work by Oliveri~Mandald* gave the following values for the solu- 
bility of chlorine in sodium chloride solutions (as corrected by Seidel), *? for 
20°C. and a (? total) pressure of 762mm. 


NaCl, moles/l. | 0 0-777 1-323 1-965 3-159 3-597 
Total Cl,, moles/l, 0-0953 0-0705 0.0594 0-0496 0.0373 0.0321 


The same author found that, in hydrochloric acid solutions at 20°/760-5 mm., 
the chlorine solubility varied from 0-1010 to 0-1243 molar as the hydrochloric 
acid concentration was varied from 1-155 to 4-101 molar.*? The trend of these 
results was the same as those of the later workers. 

Simple salts of the trichloride ion have not been isolated, but the tetra- 
ethylammonium salt [(C,H,),NI*Cly, mp. 42—45°, has been prepared. This 
is stable in a sealed vessel, but rapidly loses chlorine in air.* 


Solutions of Chlorine in Non-aqueous Media, 

Table XXII gives the values found by Taylor and Hildebrand** for the solu- 
bility of chlorine in various solvents. These results show only small devia- 
tions from Raoult’s law, i.e. the solutions are nearly ideal. 

Some not very exact measurements by other workers gave, for the ratio of 
the chlorine concentrations in the vapour and liquid phases in the chlorine= 
carbon tetrachloride system at 19°C., the value 0-031 + 0-003.*° 

Blair and Yost measured the partial pressure of chlorine above dilute 
solutions in carbon tetrachloride at 25° The values of the Henry’s law 
constant (i. e. ratio of the chlorine partial pressure in mm. to the chlorine mole 
fraction in solution), over the mole-fraction range 0-00394-0+01391, varied 
between 4600 and 5280 with a mean value of 4960. Thermodynamic quantities 
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TABLE XXII. - SOLUBILITY OF CHLORINE IN VARIOUS LIQUIDS 


Solvent Partial Solubility | Mole%Cl,, 
: pressure g.Cl./g. | calc. to 
of Cl,, mm. | solution | latm. Cl, 


n-Heptane 
SiCl, 

CCl, 

CCl, 

CCl, 
CH,BPr.CH,Br 
CH,Br.CH,Br 


calculated for the formation of the solutions were: AG 08 = -110 g.ecal./ 
mole, AH9,, = -3720 g.-cal./mole, AS° = 37-1 entropy units.*’ 

Values for the density and viscosity of dilute solutions of chlorine in 
carbon tetrachloride have been reported.*® 

Semb found the following values for the solubility of chlorine in hepeatie 
at a total pressure of 1 atm. (cf. above): 


Temperature, °C. -19-0 -11:0 0 11 20 30 40 60 
Solubility (as g. : : 17. : ; 


Temperature, °C. 76 Td an 85 
Soluhiliey 3205 tee hone 


The results were somewhat affected by the onset of reaction between chlorine 
and the solvent.*® 

The freezing-points of the system chlorine/carbon tetrachloride were 
measured by Biltz and Meinecke, who found a eutectic of m.p. —114+5°C. at 
86 —87 atomic-% of chlorine, but no evidence of compound formation.®° Wheat 
and Browne, however, found clear indication of five compounds CCl,,nCl,, 
where n = 4, 1, 2, 3 or 4 (m.p. ranging from ~67° to =115-5°), and there were 
six corresponding eutectics; they supposed that the chlorine atoms of the 
carbon tetrachloride molecule are each capable of donating an electron pait 
to an atom of a chlorine molecule: R—Cl > Cl—Cl.™ 

These authors similarly obtained evidence of compound formation between 
chlorine and chloroform, methylene chloride, methyl chloride, and hydrogen 
chloride.°?** 

Other systems for which data are available are those of chlorine with 
stannic chloride, titanium tetrachloride, silicon tetrachloride, or arsenic 
trichloride,” with phosphorus or antimony chlorides ,** with phosphorus oxy- 
chloride, ** with carbon dioxide,®* with phosgene,®” with boron chloride, ** with 
ethylene oxide}? and with iodine and bromine (see page 476). For further infor- 


mation on these, the reader is referred to later Supplements dealing with the 
elements concerned. 


Liquid Chlorine as a Solvent. 

Liquid chlorine has a low dielectric constant and the chlorine molecule 
in non-polar (see page 345); accordingly only substances with covalent 
molecules have appreciable solubility in liquid chlorine. Examples of such 
substances are the carbon compounds and hydrolysable chlorides just referred 
to, also diethyl ether, ethyl alcohol, acetone and ethyl acetate (the last four 
give conducting solutions if hydrogen chloride is present).°° Butler and 
McIntosh tested a large number of anhydrous or hydrated metallic salts and 
found them all, including aluminium chloride, to be insoluble in liquid chlorine. 
They also found that sulphur, iodine trichloride, antimony trichloride and 
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phosphorus pentachloride (cf. above), antimony and chromium sesquioxides, 
selenium dioxide and boric acid are insoluble. Stannic chloride becomes 
insoluble when hydrated. The constant for the elevation of the b.p. of chlorine 


by solutes is 1-73, 


The following values have been reported for the depression of the f.p. of 


chlorine by 0-01 mole fraction of the solutes named:** 
Gy, ee 
Acetone 0-190 Stannic chloride 0-208 Toluene 


i 
0-215 


Ethyl acetate 0-199 Carbon tetrachloride 0-210 Chloroform 0.222 


Diethyl ether 0-204 
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TEE CHEMICAL PROPERTIES OF CHLORINE 


Reactions of Chlorine with Hydrogen, Oxygen, Water, Hydrogen Peroxide and 
other Halogens. 

It has been reported that the reaction between hydrogen and chlorine, 
when they are caused to flow through a tube (in the absence of light or cata- 
lysts) first becomes appreciable above 200°C.’ With a static system, however, 
measurable rates of reaction have been observed in ‘Pyrex’ bulbs at 184°,? 

A catalyzed reaction can be brought about at lower temperatures by pass- 
ing the gases through strong solutions of the chlorides of aluminium, mag- 
Mesium, zinc or tin; in the most favourable case, about 70% conversion to 
hydrogen chloride was obtained by passing the gases through 40% aluminium 
chloride solution at 130°.** Complete, non-explosive conversion has been 
obtained by passing the gases over quartz, coated with magnesium chloride, 
at 300°. With calcium chloride in place of magnesium chloride, the tempera- 
ture required was 305°, with aluminium chloride 350°, and with quartz alone 
380°. The chlorides were probably partly or wholly hydrolyzed as it was 
found necessary for a molecule of water to be present for each molecule of 
hydrogen chloride produced.** Explosive combination of hydrogen and chlorine 
can be catalyzed at room temperature by contact with yellow mercuric oxide.° 

The slow, non-catalyzed thermal combination of hydrogen and chlorine 
has many features in common with the photochemical reaction (see page 391) 
including an obvious chain character and marked inhibition by oxygen. It is 
believed that the reaction is propagated by alternation in the gas phase of the 
feactions Cl] + H,-> HCl +-H and H-+ Clje->:HCl/+1Cl)the initial ‘chlorine 
atoms being formed by dissociation of chlorine molecules on the vessel walls 
and the chains terminated by recombination of chlorine atoms also on the 
walls.%%° The evidence for the heterogeneous dissociation and recombination 
of the chlorine is that an increase of the surface/volume ratio of the reaction 
vessel has no effect on the reaction rate unless oxygen is present; in the 
latter case chains are destroyed mainly by the reaction H + O, > HO, in the 
gas phase, and an increase in the vessel surface then gives an increase in the 
rate owing to increased formation of chlorine atoms.’ In a clean ‘Pyrex’ 
bulb the rate eto LT ihaa 

d’4LHC1 H,)°LCl ae Fe AN (GA | Y 
apnea “Weal” becoming See ro as PLOIDY ie 


in a bulb coated with potassium chloride.?. A recent review® gives for the 
reaction in presence of oxygen the equation: 3 
da{HCl] _ k‘ (H,\(c1,? 
de® oom (els) 10,11) + eC.) 


Studies have also been made of the slow combination of hydrogen and 
chlorine at room temperature, initiated by the introduction of hydrogen atoms,**”"" 
chlorine atoms,!? ionized nitrogen,'* alpha-particles,** or X-rays." Except 
for the mode of initiation, the phenomena observed resemble closely those 
of the photochemical reaction which is the subject of a later section (page 391). 
_ The minimum pressure for the inflammation of hydrogen-chlorine mixtures 
is related to the temperature by the equation log (P;,/T) = A/T + B, where 
Pm is in cm., A = 2600— 2900, T is in °K., and B is a quantity having a value 
depending on the composition of the mixture and diminishing with increasing 
size of the vessel. Thus at 623°K. in a particular vessel it was found that 
Pm = 22cm. at 35% chlorine, diminishing to 6cm, at 66% chlorine and rising 
again to 22cm. at 92% chlorine.*® 

The limiting compositions for the explosion of hydrogen=chlorine mixtures 
at atmospheric pressure have been given by various authors as shown in 


Table XXIII. 
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TABLE XXIII.- EXPLOSION LIMITS FOR EYDROGEN-—-CHLORINE MIXTURES 


Hydrogen content 
of explosive 
mixtures, vol. % 


Mode. of 
ignition 


Type of 


Author Date 
vessel . 


Glass tube, 


8-1—85-7 Matthieu? 


: diam. > 1cm. 
7 —83 Glass bulb 
\ ; ; 18 
6 —84 Bomber {Weissweiler 
10.4 — 83.9 Burette Lindeijer’® 
5-5 —86 Cylinder, vol. pay & 
7 —89 ¥1,, diam. 4cm.] Hot Pt wire |} Serdyukov?° 


Development of pressure, without a flame 
or report, was noted for 3:5—7% and 83— 
97% hydrogen. 


The above figures may be compared with the range 9-8 —52-8% of hydrogen 
found for photo-ignition by the light of burning magnesium wire.*” Other work 
on photo-ignition is described later (see page 395). 

The explosion limits found are liable to vary with the number of sparks 
passed or the rate of heating of the ignition wire. The temperature to which 
the latter had to be heated varied between 350° and 227° for 7~— 18% hydrogen, 
and between 780° and 1030° for 88 — 89% hydrogen. ?° 

Attempts to ignite hydrogen=chlorine mixtures by means of 35—45kv. 
electrons have been unsuccessful 3! 

The flame-velocity in hydrogen-chlorine mixtures of various compositions 
has been determined by burning a stream of the gases at a specially shaped 
nozzle. The values found are given in Table XXIV. 


TABLE XXIV.- FLAME VELOCITIES IN IGNITED 
HYDROGEN—CHLORINE MIXTURES 


Chlorine content, as a fraction 
of the stoicheiometric ratio. 
Flame speed, cm./sec. 


0-45 0-49 0-45 0-59 0-64 0-73 0-77 
350 380 410 410 390 330 300 


The factthat the maximum flame speed does not correspond with the stoicheio- 
metric proportion of reactants is attributed to the presence of atoms, especially 
hydrogen atoms, in the flame.”* In a later paper the same author gives the 
following results, which despite minor difterences confirm and illustrate these 
conclusions.” 


TABLE XXV.- FLAME SPEEDS, TEMPERATURES, AND ATOM CONTENTS 
FOR HYDROGEN—CHLORINE MIXTURES 


Chlorine content; Maximum flame | Estimated atom 
temperature, contents 
°K. (calc.) in hottest zone 


Flame speed 


fraction of 
cm./sec. 


stoicheiometric ratio 


2260 
2402 
2501 


Explosion limits have also been determined for mixtures of hydrogen and 
chlorine with various other gases as shown in the following summary:- 
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Mixture Principal Findings Author 
H,-Cl,-N, 70% N, prevents explosion at any H,: Lindeijer’? 
Cl, ratio. See Fig. 5. Kunin and 
Serdyukov” 


H,-Cl,-O, —° See Fig. 6. 2% deviation from Le Chate- Lindeijer’? 
lier straight-line formula at low H, and 
Cl, contents, ; 


H,-Cl,-CO 69% CO prevents explosion at any H,: Lindeijer’® 
Cl, ratio. No COCI, formed. 


H,-Cl,-N,O* N,O has a similar action to N, and CO; Lindeijer*® 
some NO, formed, 


H,-Cl,-NO H, is combustible in all mixtures of Cl, Jorissen** 
and NO. Limited incombustible region 
if 10% N, present. 


H,-Cl,-HCl 70% HCl prevents explosion at any H,: Kunin and 
Cl, ratio. Large amounts of HCl tend to Serdyukov”®° 
increase the minimum H,:Cl, ratio re- 
quired for explosion. 


H,-Cl,-HCI-CO, CO, has an inhibiting effect: small pro- Kunin and 
- portions of it increase the % H, and Cl, Serdyukov”® 
required for explosion. 


H,-Cl,-HCI-N, No explosions at >70%N,. With hot-wire Kunin and 
ignition, signs of inhibition by small Serdyukov’° 
amounts of N,, 


H,-Cl,-HCl-O, O, reduces the proportions of H, and Cl, Kunin and 
required for ignition, but small amounts Serdyukov*® 
of it have an inhibiting effect with hot- 
wire ignition, 

"The original paper refers to ‘nitrous oxide’, but gives the 
formula as NO; if nitric oxide was in fact used, the results 
differed from those of Jorissen. 


For additional explosion-limit diagrams, reference should be made to the 
original papers. — 

The use of the hydrogen-chlorine reaction as a means of producing hydro- 
gen chloride in quantity is described in the section on the preparation of 
hydrogen chloride (see page 402). 

Oxygen is inert towards chlorine under all ordinary conditions, but chlorine 
monoxide and dioxide have been obtained by the action of monatomic oxygen 
on chlorine.25 Also there is evidence that ClO radicals can have a transient 
existence after the irradiation of chlorine~oxygen mixtures by an extremely 
intense light-flash.7® ClO radicals have also been detected spectroscopically 
during combustion of hydrogen in a mixture of 30% chlorine: 70% oxygen.*’ 

Ozone undergoes a photosensitized decomposition when mixed with chlorine 
and irradiated with blue or near-ultraviolet light.**”° An interaction between 
chlorine and ozone also occurs in the dark, giving a measurable rate of ozone 
decomposition at 35°C., after an induction period has elapsed.**** In both 
these reactions the formation of the unstable chlorine hexoxide, Cl,O,, has 
been detected**34*3 and, under irradiation by blue light, also the heptoxide, 
Cl,0,.** The greater part of the chlorine, however, remains unchanged when 
all the ozone has decomposed.”® Numerous studies of the reaction kinetics 
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Fig. 5. EXPLOSION LIMITS FOR H,-Cl, oN, MIXTURES 
TAKEN FROM LINDEIJ ER 


ETTAAPZDA A ; 


Fig. 6, EXPLOSION LIMITS FOR H,-Cl,-O, MIXTURES 
TAKEN FROM LINDEVER® 


have been made*%*4**87 but subjec the chemistry of 
ozone rather than of cnlatige’ ie aeons wil suffice as a typical example 
of the mechanisms proposed for the photo-sensiti 

1 


) vy —~2Cl ‘ 
(2) Cl +O, +M —&Cl0, dee Se appa hare ule; 
ClO ted radic al) 


13.6 CHEMICAL PROPERTIES 377 


(3) ClO¥ +O, —— C10, +0, 
(PAHO P1930; 
(5) 2C10, > C1,0, 


This gives an overall quantum yield of 2 for the ozone decomposition, as 
found by some experimenters, but does not take into account the subsequent 
onset of rapid thermal reaction. 
‘Active’ chlorine (see page 382) has been reported to react with ozone to 
form chlorine monoxide. *® | 
The reaction of water with chlorine in the liquid phase has already been 
discussed in the sub-section on solutions (see page 365). For the gas-phase 
equilibrium, 2Cl, + 2H,O == 4HCl + O,, some values for the enthalpy and 
free-energy changes and the equilibrium constant*® are given in Table XXVI. 


TABLE XXVI,- THERMODYNAMIC VALUES FOR THE REACTION 
2Cl, + 2H,O =" 4HCl + 0,. 


‘s AH Le 6 ee 


60-809 13.290 
37363 8-166 
14-277 3-120 
7635 1-669 
2°632 0-575 
—1.275 —0.279 
—4.413 —0.965 
—6.989 —1.527 
—9-141 —1.998 
—15-124 —3-305 
—18-765 —4.101 


Gaara: 
the numbers of moles of each species in the system, 2n is the total number of 
moles (including inert gases), 7 is the total pressure in atmospheres, and K,, 
is a factor depending on the fugacity coefficients; Ky, is equal to unity at 
atmospheric pressure. The values for K agree closely with those determined 


»3 
In the above table, K = Pal iO = where No» Mc, etc. are 


experimentally in the range 680 — 920 °K. ,**** and also with those of an earlier 


calculation covering the range 600—1000°K.** Another paper gives for AH 9, 
25,440 g.-cal. and for AGS,, 16,760 g.-cal. (AG°/T = 56-21 g.-cal./deg. taking 
T = 298-16°x.),** but these figures are not consistent with the values selected 
for the enthalpy and free energy of the components in the latest tables of the 
U.S. National Bureau of Standards.** 

The reaction between steam and chlorine, in presence of activated charcoal 
at 800—1000°C., has been proposed as a means of removing free chlorine 
from gaseous mixtures containing it, but elsewhere it is stated that carbon is 
oxidized to carbon dioxide under such conditions.***° Similarly it is reported 
that other reducing substances exposed to a reacting mixture of steam and 
chlorine are oxidized —iron to ferric oxide together with some ferric chloride, 
toluene to benzoic acid etc.** 

No net photochemical reaction, in visible or ultra-violet light, can be 
detected between chlorine and water vapour,*” although one observer noted the 

appearance of (unidentified) liquid droplets which vanished when illumination 
was discontinued.** 

Hydrogen peroxide with chlorine undergoes a reaction H,O, + Cl, = O,+ 
2HCI. The kinetics of this reaction have been studied by numerous workers, 
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and the reaction has been held to be essentially one between the peroxide © 


and hypochlorous acid formed by hydrolysis of the chlorine.**** The most 


recent study, however, gives mechanisms which vary with the hydrochloric 
acid content of the liquid. Thus at [HCl] = 10°*M. or more, the mechanism 
given is: . 

(1) H,0, + Cl, =# H* +Gl° # HOGG 


b 
(2) HOOCT Ms 16, ft CF 
| d{H,O,! &,k-[H,O,][Cl,] 
de = ky (H* [CI] +k. 
region above [HCl] = 1M., the decomposition of HOOCI is the rate-determining 
step, whereas at lower acidity the slow reaction of peroxide with chlorine 


and the corresponding rate equation is — In the 


controls the rate. For values of [HCl] < 10°*M., where nearly all the chlorine — 


is hydrolyzed, the mechanism given is: 
(1) HOGL = Ht + Clo" 
(2) ClO” + H,O, —> H,O + 0,+CI, 
the latter being the rate-determining step, and the corresponding rate equation 
ae d{H,0,] _ & [H,0,] [HOC!] 
H+] 


the rates become variable and difficult to interpret.” 


In the region where [H*][Cl"] = 10° to 107° 


When chlorine is passed into 100-vol. hydrogen peroxide mixed with a — 


large excess of aqueous potassium hydroxide (280 g.per 1.), the reaction 
which occurs is expressed by the equation 2KOH + H,O, + Cl, = 2KCl + 
2H,O + O,. Under suitable conditions a red luminescence occurs during 
the reaction, ***° 


The occurrence of any chemical reaction between bromine and chlorine © 


was at one time thought to be very doubtful (Mellor, II, 114), despite indica- 
tions of such a reaction obtained by early workers even as long ago as 1826.° 
The existence of the reversible reaction Br, + Cl, = 2BrCl has, however, 
since been proved by observations of the changes of light absorption which 
take place when bromine vapour and chlorine are mixed.***° In the dark at 
room temperature, equilibrium is attained only after many hours from the time 
of mixing, but the period is greatly reduced by the use of a freshly cleaned 
vessel or by irradiation with light of wavelength 365mp.% Equilibrium 
constants have been determined by various workers, and values about 0-11 
are given for K = [Br,]{Cl,]/[BrCl]?, at room temperature.5%*"°' The value 
of K rises slowly with temperature indicating that the forward reaction is 
slightly exothermic: values of 230—750g.-cal./mol. are given for —AH, 

There is evidence also from a study of oxidation potentials that chlorine 
and bromine combine when in solution in 4 N- or 6 N-hydrochloric acid. The 
estimated equilibrium constant was 3-2 x 10°*, indicating more complete com- 
bination than in the gas phase. ; 

The high-temperature equilibrium (up to 473°C.) between iodine and chlor- 
ine has been studied and the value AG® for the reaction “l,(gas)+ 4Cla(gas) > 
ICl(gas) found to be -3125 -1-36T g.-cal./mole (T in °K.).°%%* The reaction 
between iodine and chlorine in carbon tetrachloride solution is reported to be 
accelerated by light and by traces of water; the reaction in presence of water 
has a large negative temperature coefficient.°* An investigation of the solid 
and liquid phases in the system iodine - bromine — chlorine at 29-8°C. did not 
indicate the formation of any ternary I - Br = Cl compound.” The occurrence 
of a violent reaction between iodine and liquid chlorine has been reported.**° 

The phase diagram of the system hydrogen chloride/chlorine reveals the 
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formation of the compounds H,Cl, (congruent m.p. -115°C.) and H,Cl, (con- 
ate TPs ~121°).” Earlier workers found only a eutectic (73%HCI, m.p. 
Hydrogen iodide reacts very rapidly with chlorine in various organic sol- 
vents at temperatures down to -110°. A homogeneous bimolecular reaction 
mechanism has been proposed.” 
The combination of fluorine and chlorine is described in an earlier section 
(see page 147). 


Reactivity of Chlorine towards other Elements and their Compounds. 

Details of the reactions of chlorine with elements and their compounds, 
other than those dealt with in the preceding paragraphs, will be given in the 
later volumes of this Supplement devoted to those elements. The following 
paragraphs are intended chiefly as examples giving an indication of the gen- 
eral reactivity of chlorine towards the remaining elements and their compounds 
(cf. Mellor, II, 92-96). 

Sulphur dioxide combines slowly with chlorine in light, giving sulphuryl 
chloride; the reaction is catalyzed by a variety of ketones and other oxygen- 
containing organic compounds.7”’*7* A dilute solution of hydrogen sulphide 
in anhydrous liquid hydrogen chloride reacts with chlorine at -100°, liberating 
sulphur.” Selenium and tellurium react readily at -80° with liquid chlorine, 
forming the tetrachlorides.**? 

Nitrogen passed with chlorine through an arc maintained between plati- 
num=iridium electrodes yielded no trace of nitrogen chlorides.’° Ammonium 
ions are said to be attacked by chlorine only after it has been converted into 
hypochlorous acid.”” Reaction between nitric oxide and chlorine can be de- 
tected down to -180°C.; it is reported that this reaction gives rise to the 
compound NOCI, as well as nitrosyl chloride and that adsorption of the latter 
on the surface of the vessel can inhibit the reaction completely.’**? Nitrite 
ions react very rapidly and completely with chlorine at pH = 6 or less, but at 
higher pH values the reaction is slow and incomplete, the equilibrium depend- 
ing on concentration, temperature and other factors.** Fuming nitric acid 
reacts slowly with chlorine at 15-18°C., forming chloric acid and nitrogen 
dioxide.** 

Liquid chlorine at its b.p. reacts explosively with white phosphorus,*®° 
and inflammation occurs when a solution of chlorine in heptane is added to red 
phosphorus at 0°C.*° Phosphine and phosphorus trichloride are reported not 
to react appreciably with chlorine at -20°, but phosphonium chloride reacts 
vigorously even at -100°, especially if chlorine is in excess, phosphorus 
pentachloride and other products being obtained.” Phosphorus tribromide 
reacts with chlorine to give the compounds PCIBr, and PCIBr,.°° The phos- 
phorus nitrides P,N, and P,N, give with chlorine at 700° the chloronitride 
(PNCI,), and a little phosphorus pentachloride.*” Arsenic undergoes only 
superficial attack by liquid chlorine at its b.p.,**° but arsine reacts readily 
with chlorine down to -140°, forming reddish substances; also the arsenic 
chlorohydrides AsH,Cl and AsHCl, are readily attacked.”* A solution of 
chlorine in heptane is very rapidly decolorized by contact with antimony.” 
Stibine with chlorine liberates antimony, forming hydrogen chloride and also 
some antimony pentachloride.” 

The formation of some carbon tetrachloride by passage of chlorine, mixed 
with sulphur dichloride, over active charcoal at 700-800°C. has been reported, 
but the effect was attributed to a chain of reactions involving sulphur chlor- 
ides, sulphur and carbon disulphide rather than to a direct reaction between 
chlorine and carbon.'®4 The chemical action of chlorine on coal appears to be 
mainly due to combination of chlorine with the hydrogen and sulphur contained 
in the coal.®*®° The kinetics of the thermal and photochemical reactions of 
carbon monoxide with chlorine, to form carbony! chloride, have been intensively 
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studied;°°** this reaction will be discussed in the chapter on carbon in a later 
volume. The reaction CO + Cl, +H,O0 —> CO, + HCl, catalyzed by activated 
charcoal at temperatures above 350°F. (177°C.), has been proposed as a means 
of removing free chlorine from hydrogen gas (cf. page 377)."* Chlorine hasa 
marked inhibiting effect on the combustion of carbon monoxide with oxygen.” 

As examples of the reactivity of hydrocarbons towards chlorine may be 
cited the explosive reaction of methane with chlorine over yellow mercuric 
oxide at room temperature, a similar reaction of ethylene with chlorine over 
mercurous oxide, mercuric oxide, or silver oxide (also over litharge at 100=- 
120°), and the occurrence of an explosion of liquid chlorine and petrol at 21° in 
a steel cylinder.®°”°* Starch is partly degraded by chlorine.” 

The evidence concerning the action of chlorine on silica is conflicting. 
It has been stated that amorphous silica reacts with chlorine in presence of 
carbon at 740°, but that a temperature of 1220° is required for quartz; the se- 
quence of reactions is given as (1) SiO, + 2Cl, — SiCl,+O,, (2)2C +O, — 
2CO?° Another reaction is that fused quartz, silica gel, and amorphous 
silica all begin to react with chlorine alone at 900-950°.'° It has been 
asserted that carbon does not affect the temperature required for the onset of 
reaction, but accelerates the reaction by preventing the establishment of an 
equilibrium between silicon, oxygen and chlorine.** Boron trioxide is reported 
to be inert to chlorine up to 900°.4% Liquid chlorine has no action, even up 
to its critical temperature, on silicon, and it is also inert to boron.**? | 

Alkali metal vapours and chlorine interact readily at a pressure of 10°°mm. 
and 300°C., with formation of a luminous flame. These reactions have been 
the subject of many studies of reaction mechanism.*°3?” 

A solution of chlorine in heptane has been reported to be decolorized after 
contact for some hours with lithium, sodium, copper, or lead, but not with 
bismuth. A saturated solution in the same solvent reacted with inflammation 
when added to copper powder at a temperature well below 0°C.® It may, 
perhaps, be presumed that light of wave-lengths absorbed by chlorine was 
excluded during these experiments. 

Liquid chlorine at its b.p. acts on tin violently, with incandescence, and 
it also combines with aluminium, but copper, zinc and silver are merely coated 
with the corresponding chlorides.**° At higher temperatures, in sealed tubes, 
it reacts with various metals as follows:'* 


Metal Conditions of reaction Product 
Lead Slight attack at room temp. Pbel; 
Silver’ Very slight attack at 80° - 
Platinum Very slight attack at 90 = 100° - 

Gold Attack at 80° is more severe than AuCl, 


with Ag and Pt 
Chromium Attacked at 80°, if water is present CrCl, 


(hydrated) 
Manganese Attacked at 80°, if water is present MnCl, 
Vanadium Explosive reaction when temp.rises VCI, 
(powder) to 0°. Controllable by dilution with 
Cols 


Temperatures found for the onset of vigorous reaction between dry chlorine 
gas and the following metals (degassed) are: calcium 460°, magnesium 340°, 
tin 25°, iron 280°.*°% Steel in sheet form has been observed to ignite after 
exposure for 30 min. to dry chlorine at 251°, and steel wool of the American 
gtades 00, 0, and 2 ignites at 184°, 189° and 194° respectively. Other 
workers. report the ignition temperature of ‘carbon steel’ or of cast iron as 
230 = 260°, that of aluminium as 200 = 230°, and that of copper as 320° (see page 
385).""° For the three metals copper, lead and silver, in the temperature 
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region 15-644", the velocity of reaction diminishes in the order named; the 
thickness of the chloride layer increases with time according to a parabolic 
law. 111,112,178 

The ready reaction of dry mercury with dry chlorine has been confirmed.*8 
When chlorine at atmospheric pressure is passed over a mercury surface heated 
at 200~300°, a flame is formed which emits a continuous spectrum having a 
maximum intensity at 5600-6500 A.*** The reaction between mercury vapour 
and an air/chlorine mixture at 20° was stated to be too rapid for kinetic mea- 
surements.*?5 

Niobium in powder form reacts energetically with chlorine, forming the 
pentachloride,**® 

The corrosion of metals by chlorine, considered as a practical problem, is 
discussed later (see page 385). 

Among the metallic oxides, silver and mercuric oxides react rapidly with 
chlorine at room temperature, whereas sodium monoxide, lithia and cadmium 
oxide react only slowly. Chlorine monoxide is detected in the gaseous pro- 
ducts of reaction between chlorine and mercuric or cadmium oxide. With 
sodium monoxide, the solid product contains some sodium peroxide, chlorate 
and hypochlorite; the peroxide is formed also from barium monoxide.**’ 

The temperatures given by several authors for the onset of reaction of 
chlorine with other oxides are quoted in Table XXVII. 


TABLE XXVII.- TEMPERATURES REQUIRED FOR REACTION OF CHLORINE 
WITH METALLIC OXIDES 


‘Temperature? required 
for oxide to react at 
rate of 1% per hr. 
We 


Temperature required 

for detectable reaction 
Oo 

C; 


Reference 


118 


<100 


600 103 1050 
<427 119 - 
18 = 23* 120 - 
<100 118 350 
Ee - 450 (cf. above) 
800, >800, “850 103,121,100} 1200 
>s00 121 800 


[readily at 550] 422. 


<100 = = 
400 8! 500 
200 124 
600 100 
400 100 
700 100,121 
<500 
200 
400, ~525, 600 
300 
400 


* Elsewhere it is stated that chlorine 
has only a ‘superficial’ action on an- 
hydrous calcium oxide.*° 


With many of these oxides, the reaction is accelerated by the presence of 
carbon, e.g. with ferric oxide chlorination then takes place at temperatures 
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from 125-350°, according to the temperature at which the oxide has been 
calcined.’ 

Usually the action of chlorine produces the chloride of the metal, but with 
tungsten and vanadium oxides the oxychlorides WO,Cl, and VOCI, are formed, 
respectively, 174128 An oxychloride has also been detected in the products 
of the reaction with alumina.*”’ 

For discussion of equilibria in the reactions between metallic oxides and 
chlorine, the reader is referred to the chapters in later Supplements which will 
deal with the relevant metals. | 

Heavy-metal sulphides (PbS, ZnS, Cu,S, Ag,S, FeS,) are acted on by chlor- 
ine at lower temperatures than are the corresponding oxides.**® It was ob- 
served that chlorine removed 95% of the sulphur from iron pyrites at 600°,'”* 
The sulphates of lead, zinc and copper react only slowly with chlorine below 
700°.448 The sulphates of barium, strontium, calcium and sodium are largely 
converted into the chlorides by heating at 850-1050° in a stream of chlorine; 
the reactions are more rapid in the presence of sodium chloride or of reducing 
agents. 129152 

The carbonates of sodium and potassium react with chlorine according to 
the equation 2M,CO, + 2Cl, = 4MCl + 2CO, + O,, perchlorates being formed as 
a by-product. The carbonates are the more reactive the lower is the tempera- 
ture used in preparing them from the corresponding bicarbonates; the chlorina- 
tion temperature may be as low as 150° for sodium carbonate and 200° for 
potassium carbonate. Lithium carbonate gives a small conversion to chloride 
at 300~500°, no perchlorate being formed.**#**4 Calcium carbonate slowly 
reacts to form the chloride at 600°.7%5 

Among the reactions of chlorine with metallic halides, two values given 
for the equilibrium constant at 800°C, for the reaction 2KBr + Cl, == 2KC1 + 
Br, are respectively 303 and 273, i.e. the formation of chloride greatly pre- 
dominates. High values are given also with sodium or lead as the cation 
concerned, but a lower value, 11-28, is reported with silver as the cation,**°*%” 
Gaseous chlorine passed over solid potassium bromide or iodide at 20° or 30° 
gives no reaction unless the gas contains a minimum partial pressure of water 
vapour, approximating to the vapour pressure of a saturated solution of the 
components.’**  Stannous fluoride reacts with chlorine with inflammation: 
2SnF, + 2Cl, = SaF, + SnCl,.*7? 

Hypochlorites of the alkali and alkaline-earth metals with chlorine are 
either decomposed in reactions of the type MOC] + Cl, = MCl + Cl,O, or the 
chlorine catalyzes a reaction 3MOCIl — MCIO, + 2MCI.**? A dilute solution of 
calcium chlorite treated with chlorine evolves chlorine dioxide: 2ClO} + Cl, = 
2c eciO..) 

Silicates and spinels are reported to be more resistant to attack by chlor- 
ine than are the constituent oxides.*** Silicates differ very much amongst 
themselves in their reactivity to chlorine ~ thus the metasilicates of sodium, 
magnesium, and especially lead, begin to react with chlorine at 15-50°, the 
reactions being more rapid in presence of water, and calcium metasilicate is 
attacked at 18-23°, whereas a temperature above 1000° is required for com- 
plete chlorination of the various oxides contained in serpentine.??%!4%145 Fire- 
brick is attacked by chlorine at 1000° owing to loss of iron as ferric chlor- 
ide."** The iron silicate mineral griinerite is attacked by chlorine at 350°,1° 
Hydrated Portland cement reacts with chlorine, forming a hydrated calcium 
chloro-aluminate: the pressure exerted by the crystals of this compound 
causes the concrete to crack, and binding material may also be removed.'*® 


Certain quick-setting silicate cements, however, are resistant to chlorine up 
to 400°C. or more.*”” 


‘Active’ Chlorine. 
Chlorine which has been subjected to a silent electric discharge 
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acquires and retains for a short time, e.g. more than 75 sec., an ab- 
normal chemical reactivity. Thus it combines with ozone to produce chlor- 
ine monoxide and with sulphur and tellurium to form chlorides; it can initiate 
a chain reaction with hydrogen, and it is more reactive towards water, acetic 
acid, benzene, toluene and benzyl alcohol than is ordinary chlorine though it 
isallegedly less reactive towards ferrous sulphate. It has been stated that 
this active condition can be brought about also by irradiation with ultra-violet 
light, but another report is that the activity produced by electric discharge is 
not increased by irradiation of the gas during the discharge. A statement that 
the activity can be produced thermally is unconfirmed. Earlier it was thought 
that ‘active’ chlorine is an allotropic form of the element (it was found as long 
ago as 1905 that the active form is not ionized and that its density is sensibly 
the same as that of normal chlorine), but later workers have regarded the 


phenomena as due to the presence of small amounts of atomic chlorine, the 
properties of which are discussed below.*73%14045? 


Monatomic Chlorine and its Reversion to Molecular Chlorine. 

It has been claimed that the conversion of chlorine to the monatomic state 
was as high as 43% when the gas was passed at 0-1 mm. pressure through a 
quartz Wood’s tube fitted with water-cooled iron A.C. electrodes; the average 
life-period of the atoms was 3 x 10°* sec. in the outlet tube.'®°!® 

The reversion of chlorine atoms, produced by an electric discharge or 
photochemically, to the molecular state is a slow process in the gas phase; 
é.g. it is reported that only 1 in 10°-10° collisions between pairs of atoms 
leads to combination.*** Presumably it is this relatively slow combination 
which enables the transient properties of ‘active’ chlorine to be observed at 
ordinary pressures. | Collisions with a solid surface are much more effective 
in bringing about the recombination: one estimate is that 2 in every 25 colli- 
sions with a quartz surface leads to union of the atoms.*™ 

The relative catalytic effect of various solid surfaces for the recombination 
has been estimated from the heating effects when chlorine atoms impinge on 
the surfaces, and in this way it has been found that silver, silver chloride, 
copper, nickel, tin and gas carbon are particularly effective as catalysts. 
Silver and tin, but not nickel or aluminium, are attacked under these condi- 
tions, Catalysis of the recombination is shown also by red phosphorus, 
chromium sesquioxide, cobalt and fused calcium chloride, potassium chloride 
(with variable behaviour), and to a smaller extent by Pyrex glass, platinized 
glass and sodium chloride.’77“°%'** Carbon dioxide and hydrogen chloride 
activate the recombination on quartz and glass respectively.**%*** Chlorine 
atoms have been observed to survive passage through a glass tube even though 
the temperature was much below the normal boiling-point of the liquid, but a 
claim to have passed them through a narrow copper tube to initiate a reaction 
between hydrogen and chlorine seems at variance with the high catalytic 
activity of copper,’”*®* unless it may be assumed that streamline flow greatly 
minimized contact between the gas and the walls of the tube. 

Among substances which retard the combination of chlorine atoms, or 
poison surfaces which would otherwise catalyze it, are methane, chloroform 
and platinum chloride.**”*** Oxygen has no effect on atomic chlorine, except 
perhaps under the extreme conditions following a very intense light flash, but 
it inhibits the formation of chlorine atoms if it is present before the electric 
discharge is applied.?®*®! Other substances reported to have no effect are 
hydrogen chloride (but see above and the reports of retardation, by the hydro- 
gen chloride formed, of the photochemical combination of hydrogen and chlor- 
ine (see page 393 ), also carbon tetrachloride and phosgene. Ethylene gives 
with atomic chlorine an explosive compound which can be collected on a sur- 
face cooled in liquid air; the compound has possibly the free-radical formula 
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There is evidence from a study of the Budde effect that the recombination 
of chlorine atoms in the gas phase occurs by the mechanism C1+Cl,+M — 
Cl, +.M, followed by 2Cl, —> 3Cl,, where M is a molecule of chlorine or of a 
foreign gas present in the system.*** The collision cross-section for the 
recombination with emission of light (i.e. without involving a third molecule) 
has been estimated at 5-4 x 10°74 sq. cm. when the atoms are produced by 
irradiation of chlorine with light of wave-length 340 mp. but only 0-3 x 10™* 
sq. cm. when the wave-length is 411 mp. and the atoms are separated with a 
much smaller kinetic energy.*** It has been claimed that an emission of 
bluish light due to recombination of the atoms formed in chlorine heated at 
about 1000°C. can actually be observed.**’ From consideration of the energy 
surfaces of the chlorine atom and molecule, it has been calculated that the 
rate constants for the recombination of chlorine atoms in presence of helium, 
argon, hydrogen, nitrogen, and oxygen should be respectively 1-9, 2+5, 2-2, 
2-8, and 2-7 x 107°? (mole/c.c.)"? sec. * (temperature not stated),’*° 

The high-temperature equilibrium between chlorine atoms and molecules is 
considered under physical properties (see page 535) and the part played by 
chlorine atoms in thermal and photochemical reactions of chlorine with hydro- 
gen, carbon monoxide, etc. is dealt with elsewhere (see pages 373 and 392) 


Formation of Triatomic Chlorine. | 
Quantum-mechanical calculations have indicated that in the equilibrium 
Cl+Cl, = Cl,, the formation of Cl, molecules should be favoured; the acti- 
vation energy for the forward reaction is probably about 4-5 kg.-cal./mole, and 
for the reverse reaction 8-6 kg.-cal./mole (AH = -4-1 kg.-cal./mole for Cl, 
formation).*°* As noted above, the conception of Cl, molecules has proved 
useful in explaining the kinetics of recombination of chlorine atoms produced 
by photodissociation, and several authors have concluded that Cl, molecules 
play a part in the hydrogen=chlorine photochemical reaction. Apparently they 
react less readily with hydrogen molecules than-do chlorine atoms. The 
collision efficiency for the reaction Cl +Cl, —> Cl, has been estimated to be 
1-78 x 10°*. The reaction 2Cl, —> 3Cl, occurs at every collision.+77°® 


Reactivity of Ionized Chlorine. 3 

Ions produced in a stream of chlorine gas at atmospheric pressure by means 
of a point discharge are capable of initiating a chain reaction of chlorine with 
hydrogen. The effectiveness of either a positive or a negative ion in starting 
a reaction chain is of the same order as, and possibly rather greater than, that 
of a light quantum.’* 

From studies of the chlorine/chloride-ion exchange reaction and of the 
rate of chlorination of acetanilide,*™ it has been estimated that the velocity 
constant of the forward reaction in the equilibrium Cl, + Cl” == Cl]§ in aqueous 
solution is at least 4 x 10° 1. mole” min.™*, and that of the reverse reaction at 
least 4 x 10’ min.™, at 17°. Other information on the trichloride ion is given 
in the sub-section on chlorine solutions (see page 367). Free-energy and en- 


tropy data for aqueous chlorine ions are given in the sub-section on electrical 
properties (see page 347). 


Photochemical Reactions Sensitized by Chlorine. 

Chlorine molecules are dissociated into atoms by the absorption of blue or 
near-ultra-violet light, as already explained, and the atoms so formed are 
sometimes able to initiate chain reactions between two other substances, the 
consumption of chlorine in the reactions being frequently small or negligible. 
As examples may be cited the chlorine-sensitized combination of carbon mon- 
oxide and oxygen, the sensitized explosion of hydrogen with oxygen, and the 
sensitized oxidation of various carbon compounds, e.g. trichloroethylene?****” 
This property of chlorine enables the reactions to be induced by light of a 
spectral region more readily accessible than that which. could activate the 
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other substances concerned. 


Electron Emission during Reactions with Chlorine. 

Electrons are emitted during the reaction of sodium=potassium alloy with 
chlorine at 10°° to 10°° mm. pressure. Energy-distribution and current-time 
curves have been determined.****®° Chlorine at low pressures also increases 
the emission of electrons by glowing platinum, provided that the temperature 
is below 1290°.*” 


CORROSION OF METALS BY CHLORINE 


Some account of the general reactivity of chlorine towards metals has 
already been given. The following paragraphs refer to investigations of the 
attack of chlorine on metals, considered rather as a technological problem. 

A detailed study of the high-temperature corrosion of 18 different metals 
has been made in the laboratories of E.I. du Pont de Nemours and Coujdac, 


TABLE XXVIII, - CORROSION OF METALS BY DRY CHLORINE 


| Approximate temperatures at which | Suggested maximum tem- | 
the given corrosion rate is.exceeded | peratures for continuous 
__in short-period tests (C.) service (C.) 


0.0025 | 0-01 0-1 Brown et al.]| Friend and 

Nickel 90 6 540 540 
Inconel —  ~§40 540 
Hastelloy B | 540 540 
Hastelloy C 510 510 
Hastelloy A 480 540 
Chromel A 450 ~ 

Magnesium 450 ~ 


Monel 430 450 
Stainless steel 

(18-8-Mo) 340 340 
Stainless steel 

(18-8) 320 320 


Platinum 260 >540 
Hastelloy D 2 200 i 
Copper 

(deoxidized) 200 <260 
Carbon steel 200 <200f 
Cast iron 180 200 
2S Aluminium 120 ~ 
Gold ~ ; - 
Silver : = 2430 
*Tonites at 200 = 230° 


Metal 


* Ignites at 320°C. | Ignites at 230~ 260° 
}- Iron-pipe has been known to inflame at- about 200°C. (400°F.) in chlorine 


Table XXVIII gives a selection of the values found for the rates of corrosion 
by dry chlorine, which was passed over the metal test-pieces for periods of 
2-20 min. at a speed of (usually) 1-3 ft./min. The temperatures are quoted 
in °C., rounded off to the nearest 10°, though in the original report they are 
givento the nearest 50°F. The corrosion rates were calculated as inches of 
penetration per month, a procedure useful for comparison but unsound in view 
of the brevity of the test periods and the known fact that the progress of cor- 
rosion with time may follow a parabolic or other non-linear law. The fifth 
column of the table gives the maximum temperatures suggested for continuous 
industrial use of each metal, and the last column gives for comparison similar 
figures suggested by earlier workers (these also are rounded off to the nearest 
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10°C. after conversion from °F.). 

The du Pont workers found that variation of the gas flow-rate over a wide 
range did not cause a variation in corrosion rate. The corrosion rates were 
roughly proportional to the vapour pressures of the chlorides involved. Moist 
chlorine (0-4% H,O) caused increased attack even above the dew-point, but 
not above 370°C.; e.g. stainless steel showed a penetration by moist chlorine 
of 0.2 in. per month at 15°, 0-lin. per month at 49°, 0-03 in. per month at 200° 
and 0-015 in. per month at 370°, but at higher temperatures the rate was as for 
the dry gas. The moist gas caused pitting of the specimens only at low 
temperatures. 

With some metals, e.g. nickel, Inconel, and stainless steel in dry chlorine, 
the graph of the logarithm of the corrosion rate against temperature is a 
straight line. With platinum, however, the rate rises to a sharp maximum at 
about 580°C., falls to a minimum at about 660°, then rises again steadily; 
there is indication of another maximum at 370°. Gold shows a maximum rate 
at 270° (not very sharp), a minimum at 470° and thereafter a steady rise.** 
These effects are presumably connected with the volatility and stability at 
various temperatures of the metal chlorides. 

Table XXIX gives figures which show how the average rate of attack by 
chlorine on mild-steel sheet (0-08-0-15%C) can vary with temperature and the 
length of the test period. The corrosion rate figures were calculated both as 
mg. of weight lost per square dm. per day and as inches of penetration per 
year. 


TABLE XXIX.- CORROSION OF MILD-STEEL SHEET BY CHLORINE 


Corrosion loss 
over test periods 
fe) ours 


{8h 
mg./dm?./day | in./yr. | 
34 


Corrosion loss 
over test periods 


78 
130 
220 
310 
445 
500 
535 
17-5 x 104 


The sudden increase in corrosion rate at 251° is ascribed to volatilization 
of ferric chloride, the effect of which as a protective coating is thus nullified. 
At intermediate temperatures, the formation of chloride causes a lower average 
corrosion rate over an 8-hour period than over a 30-minute period. The ab- 
sence of such a diminution in the average rate at 77° is ascribed to inadequacy 
of the quantity or quality of the chloride coating formed during 8 hours.*° 

Iron is rapidly corroded by moist chlorine gas, or by chlorine water, at 
room temperature: both chlorine and hypochlorous acid are concerned in the 
process. Even traces of residual chlorine in chlorine-treated sea water lead 
to increased corrosion of steel pipe, especially at water velocities of 4ft. per 
sec. or higher.*”*”* Various ferrosilicon alloys have a much better resistance 
to moist chlorine than ordinary mild stee],?72*7%*76 

Aluminium is stated to be resistant to dry chlorine at 20°C. but to be 
rapidly attacked at 250°. It is also rapidly attacked by the moist gas or the 
aqueous solution at 20°. Other metals having a poor resistance to moist 
chlorine are nickel and various nickel-rich alloys, brass and various bronzes, 
gold, platinum, and zinc.?7"7"*78 With zinc, however, it is reported that 
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corrosion by. water containing up to 5 p.p.m. of chlorine is less than by dis- 
tilled water.*”® 

Lead is recommended for operations with dry chlorine at moderate tem- 
peratures, and can be used even with the moist gas up to 110°C. Tin is 
attacked by dry chlorine even at 20°,172 

Tantalum has excellent resistance to wet or dry chlorine up to 150°C., 
but is severely attacked at 300°,'7*77 Titanium is reported to have out- 
standing resistance to chlorine saturated with water vapor, but not to the dry 
gas. 

1 e e ° . 

A study’** of the corrosion of sheet silver by chlorine, saturated with 

water vapor, gave the figures quoted in Table XXX. 


TABLE XXX.- CORROSION OF SHEET SILVER BY CHLORINE 
Gain in weight by AgCl formation 


Temp. Average up to 20 hr, Rate after 250 hr, exposure 
eC; 
10 


mg./dm,?/day mg./dm.?/day _ in./yr. 


67-3 0-0070 1-5 


x 0-00015 at 
25 T1505 0-0079 5¢4(170 hr.) 0-0008 (170 hr.) 
44 123 0-0120 6-8 0.0007 
64 50-9 0-C053 | 22-5 0-0023 
90 32°6 0-0035 | 20-5 0-0021 


The rate of reaction followed a parabolic law after 120 hr. (cf. page 381). 
Up to 280 hr. the most rapid corrosion was at 64°, but in a longer test the rate 
at 90° might prove higher. The corrosion process is considered to depend on 
diffusion of an aqueous solution of chlorine through the silver chloride film, 
and the apparent negative temperature coefficient may be explained by sup- 
posing that a tough film is more rapidly formed at higher temperatures.** 
Another worker considers that the rate of attack (presumably by dry chlorine) 
depends on the diffusion of silver ions into the chloride film, and claims that 
this diffusivity and hence the corrosion rate may be reduced by alloying a 
few percent.of cadmium, zinc or lead with the silver. The same investigator 
also maintains that the thick silver chloride films are much less protective 
than thin ones.”° 

For data, mainly qualitative, concerning the resistance of numerous other 
metals and alloys to chlorine, the reader is referred to the tables given by 
Ritter'”? and by the editors of ‘Chemical Engineering;*”” as well as to several 
articles in the latter journal.****** This information is accompanied by data 
on the rate of attack by chlorine on various non-metallic materials of con- 
struction. 
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THE PHOTOCHEMICAL REACTION OF CHLORINE WITH HYDROGEN 


The photochemical combination of chlorine and hydrogen was intensively 
studied during the period 1920-1940, mainly with the object of elucidating the 
complicated kinetics of this stoicheiometrically simple reaction. With the full 
realization of the influence of traces of certain foreign substances on the 
reaction rate and with developments in experimental technique, most of the 
confusion which formerly prevailed has now been cleared away. This is due 
largely to the work of the research groups associated with the names of Boden- 
stein, Chapman, Allmand, Norrish and Rollefson. Their results also made an 
important contribution towards an understanding of the nature of chain re- 
actions in general. 

The following account summarizes first the experimental evidence and then 
the conclusions which have been drawn therefrom concerning the reaction 
mechanism. 


Effect of the Wave-length and Intensity of the Light Irradiating the System. 

The combination of hydrogen and chlorine may be brought about readily by 
absorption of light of any wave-length within the region (<478 mp) where 
chlorine shows continuous absorption, and also in the region of weak banded 
absorption at least as far as 546 mp.” A report of reaction at still higher 
wave-lengths, 730 my or more,* lacks confirmation. Evidence suggesting 
that, with very dry gases, a wave-length below 254 mp is needed is no longer 
accepted. Determination of the relative quantum yields at various wave- 
lengths’ gave values 0-10, 0-49, 0.53, 1-00, 0-67 and 0-22 respectively for the 
wave-lengths 260, 313, 365, 405, 436 and 546 mp. Later work in the same 
laboratory*showed constant quantum efficiency between 490 and 400 mp, 10- 
20% diminution between 400 and 290 mp, and a gradual diminution above 490 
mp. A third paper*> showed a diminution of yield in the ultra-violet region 
only when the total pressure was low (2 mm. Hg). The apparent rapid dimi- 
nution of quantum yield above 490 my disappears if it is postulated that the 
reaction in this region is associated only with the continuum underlying the 
chlorine absorption bands.* On the whole it seems that the wave-length of 
the light is important only in so far as it determines the intensity and localiza- 
tion of the light absorption within the vessel. 

There is agreement that, under ordinary conditions, the reaction rate is 
proportional to the first power of the absorbed light intensity.%’*> With mix- 
tures of hydrogen and chlorine extremely carefully freed from oxygen and other 
inhibitors, however, several groups of workers have found that the rate varies 
with a fractional power of the absorbed intensity, e.g. with the 0-6 power,” or 
the 0-5 power,’® or with a power varying between 0-05 and 1-0 accordingto 
conditions.’42 The Bodenstein school always maintained that the first-power 
law holds under all conditions, but the most recent experiments by other 
workers confirm the approximation to a square-root law provided that the chlor- 
ine pressure is not too low.*7*° 


Variation of the Reaction Rate with the Hydrogen and Chlorine Concentrations. 
Wall Effects. 

Several workers have found that, in the absence of oxygen, the reaction is 
of the first order with respect to the hydrogen pressure, but independent of the 
chlorine pressure except in so far as the latter affects the light absorption;**”* 
this is true provided that the chlorine pressure is not too low.’**° Older 
work, which appeared to show a variation of the reaction velocity with the 
square of the chlorine pressure, and virtual independence of the hydrogen 
pressure,'7?® was probably vitiated by the presence of inhibitors. At high 
light-intensities and chlorine pressures, but with a low hydrogen pressure, a 
variation of reaction rate with the inverse square of the chlorine pressure has 
been observed.”* 
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With oxygen present, the variation of reaction rate with the reactant con- 
centrations becomes more complicated (see below). 

It has been found that the reaction rate diminishes with falling total gas 
pressure (p). In capillary tubes the rate varied as p’*, whereas in wider tubes’ 
the effect of pressure disappeared above 30 mm. though the rate varied as p* 
in the pressure range 0-2-0-8 mm.7°>?42, Another report gives an increase 
in quantum yield from 20 to over 25,000 as the pressure increases from 0-01 to 
60 mm.?3> Workers of the Allmand school found, however, that the reaction 
proceeded ‘normally’ with chlorine pressures down to 0-012 mm. and hydrogen 
pressures at least down to 0-04 mm.**3%45 

It has been shown that the reaction can be brought about by irradiation of 
a hydrogen=chlorine stream kept out of contact with any solid surface,”® and 
hence that contact with such a surface is not necessary for initiation of the 
reaction (compare the thermal reaction, see page 373). Where, however, the 
reaction mixture is in contact with a containing vessel, the walls havea 
notable influence on the reaction rate, as may be inferred from the above- 
mentioned pressure effects and also from reports that the reaction proceeds 
less rapidly in narrow than in wide tubes, especially at low pressures.7°**’ 
The quantum yields obtained vary considerably with the pre-treatment of the 
vessel and with the nature of the gas film adsorbed on it,®°”"? and wall effects 
have been held responsible for the discrepancies between the results of 
various workers.*® It has been supposed that, with inhibitor-free gas mix- 
tures, the reaction rate may be limited solely by the removal of chlorine atoms 
at the wall of the vessel, possibly with the formation of a volatile compound 
of chlorine and silicon,*>#4#* but this is disputed (see page 394) In a 
silver vessel having a glass window protected from contact with the reacting 
gases, the characteristics of the reaction were similar to those observed in a 
glass vessel, but the quantum yields were very high:” it could be inferred 
that the rate of disappearance of chlorine atoms striking a chlorinated silver 
surface was only 1 per 10,000 impacts.°® 


Temperature Coefficient of the Reaction. 

The temperature coefticient, in white light, has been reported as 1-35 (for 
a 10° rise) between 30° and 73°C., diminishing to 1-16 between 135° and 
177°.** Earlier workers found that this coefficient, in the range 0-40°, had a 
maximum value at 20° and increased as the light was changed from violet to 
blue-green;*° this was later correlated with the temperature coefficients of 
light absorption by chlorine.** Workers of the Allmand school found that the 
temperature coefficient of the reaction incteased gradually with wave-length 
over the range 310=-436 mp, even after allowing for change of absorption with 
temperature .°> They further found a rise (in the range 17-27°) from 1-34 at 
436 mp to 1-67 at 546 mu; this indicated an apparent extra 4-5 kg.-cal./mole 
heat of activation at 546 mp which was attributed to the need, at the latter 
wave-length, for the absorbing chlorine molecule to be in a higher vibrational 
level of the ground state if dissociation is to be brought about.* This explana- 
tion, however, encounters the difficulty that the proportion of molecules in the 
higher vibrational levels is too small at ordinary temperatures, and later 
measurements of the extinction coefficient at various temperatures have in- 
dicated that the high temperature coefficient of the reaction at 546 mp may 
after all be sufficiently accounted for by the rapid variation of the absorption 
with temperature at that wave-length.**? 

It has been reported that the temperature coefficient of the reaction in- 
creases with the light intensity,** and with increasing purity of the reac- 
tants.°*"** 


Quantum Yields. 

The quantum yields in the reaction naturally vary with the physical con- 
ditions and the freedom of the system from inhibitors and retarders. With 
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oxygen-free gases various workers*” have obtained about 10° molecules of 
hydrogen chloride per light quantum absorbed. An even higher yield, 4-2 x 
10°, was obtained in a case where a special technique prevented any contact 
between glass and the reacting gases.?® Those workers who have found a 
variation of the reaction rate with a fractional power n of the absorbed light 
intensity find, naturally, that the quantum yield varies inversely as [ice 2 

With gases containing oxygen, the quantum yield of hydrogen chloride is 
still considerable. For example, with a mixture containing chlorine and 
hydrogen each at 42 mm., hydrogen chloride at 16 mm. and oxygen at 50 mm., 


from 117 to 120 molecules of hydrogen chloride per quantum were obtained at 
various light intensities.’ 


Effect of Water Vapour. ; 

Several earlier workers reported that the hydrogen=chlorine photochemical 
reaction would not proceed in the absence of at least traces of moisture, 
unless short-wave ultra-violet light (A < 254 mu) was used.*5*° These results 
were widely accepted for a time, and various theories were devised to account 
for the supposed participation of water molecules in the initiation of the re- 
action chains.’°“°** Later workers obtained evidence that the presence of 
water is not necessary for the reaction to occur in visible and long-wave ultra- 
violet light.777575*5 As a result of experiments showing that equal quantum 
yields are obtained with moist and with intensively dried gases,** it has been 
accepted that the earlier work was probably vitiated by the unwitting intro- 
duction of inhibitors and that water plays no important part in the reaction. 


Effect of Oxygen and Other Inhibitors. 

It has long been known that oxygen has a retarding effect. on the reaction 
(Mellor, II, 151), and a number of workers have found that the reaction rate 
is inversely proportional to the oxygen pressure, except when this is very 
low.775-9454749 The quantum yield of hydrogen chloride remains considerable, 
as already noted, but water is simultaneously produced, and it is reported®® 
that as the ratio of oxygen to chlorine increases the molecular ratio of the 
products water and hydrogen chloride approaches a limit between 1 and 2. 
The kinetics of this water formation are very complex.*?5**? 

Photosensitized explosions of hydrogen-oxygen mixtures, due to absorp- 
tion of light by admixed chlorine, can be brought about between 25° and 340°C.: 
in these reactions, water is formed exclusively if the pressure of the chlorine 
exceeds a certain limiting value, while with less chlorine hydrogen chloride is 
formed without explosion.**°° 

It has been reported that hydrogen peroxide, as well as water, is formed in 
appreciable amount during irradiation of hydrogen=-chlorine-oxygen mixtures,” 
although elsewhere it is said that chlorine atoms rapidly decompose hydrogen 
peroxide.® 

The hydrogen chloride produced in the hydrogen-chlorine photochemical 
reaction has itself a retarding effect on the reaction rate,””’* but this is pro- 
bably slight unless oxygen is present in the system.°”* 

The well-marked effect of ammonia, in causing an induction period before 
the reaction sets in (Mellor, II, 150-1), has been shown to be due to the time 
required for completion of a chlorine-sensitized photo-decomposition of the 
nitrogen trichloride which is formed initially from the ammonia and must be 
removed before the main reaction can proceed.°**° 


Mechanism of the Reaction. : 

The chain character of the hydrogen-chlorine photochemical reaction was 
evident as soon as the high quantum yield was discovered (Mellor, I, 153). 
The nature of the links in the chain was long in dispute, but as early as 1918 
Nernst® proposed a scheme which in essentials is now generally accepted 
(see next page). 
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(1) Cl, + hv —e 2Cl (initiation of chains) 

(2) Cl+H, —= HC1+H (propagation of chains by 

(3) H+Cl, —» HC1+Cl successive reactions of 
atoms with H, and Cl,) 


(4a)H +H —=H, (termination of chains: 
(4b) Cl + Cl —» Cl, only 4b is now considered 
(4c)H + Cl —» HCl important) 


As described in the section on the chlorine spectrum (see page 627), it is 
now known that absorption by the chlorine molecule of light of any wave- 
length corresponding to the continuum extending below 478 mp involves im- 
mediate dissociation of the molecule into atoms. (The atoms are either both 
in the ground state, * Py, or one is in the ground state and the other, in the 
state * Py, has*® a Snails excitation energy, 0-1 e.V.). Hence it is now con- 
sidered cértain that the initiation step in the hydrogen=chlorine reaction, when 
brought about by light of wave-lengths corresponding to the continuum, is 
dissociation of the chlorine molecule, as postulated by Nernst, and earlier 
theories postulating initiation by excited chlorine molecules’** are regarded 
as untenable. There is also a strong probability that initiation is by dis- 
sociation even with light corresponding to the banded spectrum, since the 
latter has an underlying continuum, but here the possibility of initiation by 
excited chlorine molecules cannot be entirely excluded.” 

That initiation norma lly occurs by dissociation of the chlorine molecule 
was confirmed by experiments showing that hydrogen chloride is formed when 
chlorine is irradiated and passed into a hydrogen atmosphere 10% sec. after 
the irradiation.©’ Under such conditions, excited chlorine atoms would have 
lost their energy and become inactive. 

It has been said that only the *Py chlorine atoms are capable of initiating 
the reaction chain,!®*? but analysis of the chlorine spectrum indicates that 

ey atoms are produced only by light quanta. corresponding to the long-wave 
end of the continuum, whereas the photochemical reaction is initiated by quanta 
corresponding to any part of the continuum.*” 

Evidence that the propagation steps involve hydrogen atoms was obtained 
by mea suring their effect on the para-ortho hydrogen conversion.®»®* The 
reaction H + Cl, —» HCl + Cl is exothermic (AH® = =-45-1 kg. -cal./mole), but 
the reaction Cl + H, —» HCl +H is slightly endothermic (AH® = 1. QO kg.-cal./ 
mole) and has a cen of activation which has been given as*® 5-5 or® 6-1 
kg.-cal./mole and is the main cause of the temperature coefficient of the over- 
all reaction. Hence*»®® the reaction H + Cl, — HCl + Cl is very rapid, 
but the reaction Cl + H, —™ HCl + H occurs “sti a collision frequency only of | 
the order of 107°. Tes inhibiting effect of HCl, so far as it is real in oxygen- 
free gases (cf. Anaad, lies in the reversal of the latter reaction. 

The termination of the reaction chains in oxygen-free gases was Paponeed 
by the Bodenstein school, who always found a direct proportionality between 
reaction rate and light absorbed, to be brought about mainly by a first-order 
reaction involving chlorine atoms at the vessel wall.®’>** As has long been 
realized,’°*° termination by bimolecular reactions between active centres, such 
as C] + Cl — Cl, in the original Nernst scheme, necessarily involves varia- 
tion of the reaction rate with the Square root of absorbed light intensity; those 
workers who have found such a variation, or an approximation thereto (see 
page 391), have concluded that (at least at higher chlorine pressures and in 
vessels with a small surface/volume ratio) chain termination occurs mainly 
by recombination of chlorine atoms: 2Cl + M — Cl, + M, where M is any 
molecule in the gas capable of taking up part of the ae oe energy of 
the chlorine atoms.”°° A variation of this mechanism is the intermediate 
Avago: of Cl, molecules: Cl+Cl,+M=®Cl,+M, 2Cl, — 3Cl, (cf. page 
384). 
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In systems containing oxygen (where the linear light-intensity relation 
certainly holds) the main terminating reaction is probably H+ QO, +M — 
HO, + M,°>*° followed by reactions giving ultimately water with perhaps a 
transient formation of hydrogen peroxide or chlorine dioxide. A reaction 
H+HCl+0O, — H,0+ CIO has also been suggested.’ 

As an example of an attempt to fit in all the experimental facts, the kinetic 
scheme given in Bodenstein’s last paper on the subject may be cited:° 


CIysGl, hvaect «labs 
(2) Cl+H,=HCl+H ; 
(3) H+Cl, = HCl + Cl k, 


(4) H+0O,+M=HO,+M k 
(5) Cl+0O,+HCl=HO, + CL, ks 
(6) Cl (on wall) = 4CI, (or a k 


silicon-chlorine compound) 


an 


The symbols on the right are the velocity constants of the various partial 
reactions. The HO, formed in (4) and (5) was supposed to react to give H,O, 
or with Cl, to give ClO,, these two products being rapidly decomposed by Cl 
and H atoms respectively. By the usual assumption of a steady concentration 
of chain-carriers, the kinetic equation derived was: 


ie I pall 
de -k,[0,][M] + 4k; [OJ [HCIICL] kk, [Cl] 
k, [H,] k, [H 


Here [M] is the sum of terms representing the effects of H,, O,, Cl,, N,, etc. 
and especially HCl molecules in assisting reaction (4), and also the wall 
effect on that reaction. This equation was shown to fit Bodenstein’s experi- 
mental data reasonably well, though there was a tendency for the ratio k,l,,./k, 
to diminish during the course of a run. ; 

The second term in the denominator, representing inhibition by reaction 
(5), was held to be normally of secondary importance. The questionable 
feature of the equation is the third term in the denominator, which expressed 
Bodenstein’s belief that in oxygen-free gases the chain-termination is entirely 
by reaction (6) (cf. above). 

Other detailed reaction mechanisms are discussed in many papers,”*””"* 
and in various reviews of the reaction kinetics.°””* 


Miscellaneous Evidence on the Hydrogen-chlorine Photochemical Reaction. 

The expansion accompanying the onset of photochemical reaction in hydro- | 
gen-chlorine mixtures (Draper effect) has been studied by observing the 
refraction effects following momentary irradiation by a spark discharge 
(‘schlieren’technique). It was found that with reactive mixtures, presumably 
free from oxygen, there was a delay of 0-01 sec. before any change was 
apparent. With less reactive mixtures, the maximum effect was attained 
sooner than with those which were more reactive; this corresponded with the 
shorter length of the reaction chains.” 

By following the temperature changes after cutting off the light beam, the 
life-period of the reaction chains was found to be 0-025-0-05 sec. under 
particular conditions.°*’? In a silver-lined vessel, with no contact between 
the gases and glass, a life-period estimated as 16 sec. was observed.”” 

Iodine is a catalyst for the reaction,*%®**’ although in certain conditions a 
rate inversely proportional to [ICI]* was found.” 

In addition to the photosensitized explosions of hydrogen and oxygen, 
mentioned earlier, mixtures of hydrogen and chlorine alone can be exploded by 
absorption of light (Mellor, II, 148). For such explosions, the relation be- 
tween the critical ignition pressure (P) and the quantity of light energy ab- 
sorbed (/) has been given as log (P/I) =(A/I)+ B, where A and B are con- 
stants.”? Hydrogen=chlorine mixtures were found to be exploded by the light 
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CHLORINE 
of burning magnesium provided that the hydrogen content was between 9-8 and 
52%™* (cf. page 374). In the light of a carbon arc, with mixtures containing 
31-5, 40, 50, 60 and 76% chlorine, the lower explosion-pressure limits were 
found to be respectively 330, 60, 50, 30 and 350 mm.; oxygen had no effect on 
these limits if its concentration was less than 10%, but it raised the limits 
markedly at concentrations above 10%. Inert gases had effects related to their 
collision frequencies.”* 

The rate of photochlorination of deuterium at 0° and 32°C. has been deter- 
mined as %, and 4, respectively of the rate with hydrogen under comparable 
conditions.”° However, another measurement of the rate ratio gave the value 
%, which was claimed to fit in with the difference between the zero-point 
energies of H, and D, molecules.” 

Experiments on the reaction of hydrogen with chlorine, induced by the 
action of atomic hydrogen,”** a-particles,’* X-rays,®* or electrons,®* have af- 
forded confirmatory evidence that in the photochemical reaction the light plays 
no part other than the initiation of the reaction chains, which have similar 
properties with each mode of excitation. 

It has been asserted that, during the photochemical formation of hydrogen 
chloride, rays with mitogenetic properties are emitted (the so-called Gurvich 
rays).*° 
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USES OF CHLORINE 


General Statistics. 
The manner in which chlorine is consumed in the United States, the largest 
producing country, has been classified by MacMullin as follows: 


Estimated end-uses of chlorine made 
In 1940 Estimated usage, end of 1947 


7o 7o tons* 

Pulp bleaching 21 11 175,000 
Disinfectants | 

and sanitation 6 4 63,000 

Textiles 5 3 47,000 

Chlorinated products 60 Fis 31, 2105000 

Miscellaneous =e Oy 77,000 

100 100. » 1,570,000 


* Presumably short tons, though this is not stated. 


This author emphasizes that the rapid growth in chlorine usage since about 
1933 is to be correlated with the growth of the organic chemical industry, 
especially the production of compounds derived from petroleum. About 70% of 
the chlorine made in the U.S.A. in 1947 was used in situ for the production of 
other chemicals, the consumption in manufacturing various organic chemicals 
(as estimated’ at the end of that year) being shown in Table XXXI. 


TABLE XXXI.- CHLORINE CONSUMPTION IN ORGANIC CHEMICALS 


Chlorine | Chlorine 
Product | used Product used 
tons/yr tons/yr. 


Monochlorobenzene (net) | 120,000 || Acrylonitrile 5,000 
Dichlorobenzenes 35,000 || Di(chloroethyl) ether 6,000 
Phenol 64,000 || Glycols and ethylene | 134,000 
Diphenyl and diphenyl oxide 
ether 5,000 || Vinyl and vinylidene | 62,000 
Aniline 12,000 chlorides 
Benzene hexachloride Neoprene* 21,000 
Bromine for ethylene Chloral 50,000 
dibromide ! Amyl chlorides (net) 9,000 
Carbon tetrachloride Keryl chlorides 25,000 
Chloroform Chlorinated paraffin 10,000 
Ethyl chloride* Aluminium chloride 
Tri- and tetra- | (for alkylation) 40,000 
chloroethylenes Others 109,000 
Ethylene dichloride 


* The hydrogen chloride used was made partly from sodium chloride 
and sulphuric acid. 


Another analysis of American chlorine usage, relating to the year 1948, is 
shown diagrammatically in Fig. 7. This differs in detail from the preceding, 
but exhibits similar features (again it is uncertain whether the long or short 
ton is the unit).? 

The trends in the various uses of chlorine by American industry over the 
years 1945-1951 are further illustrated* in Fig. 8. 

Comparable figures for other countries do not appear to be available. 
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Particular Uses. 


The treatment of wood pulp in the production of paper and rayon forms what 
is probably the largest outlet for chlorine outside the chemical industry. 
This use depends on the fact that treatment of the pulp with chlorine in acid 
solution converts lignin, and other undesirable constituents, by means of sub- 
stitutive reactions into substances soluble in water or alkali. Further treat- 
ment with chlorine in alkaline solution bleaches residual lignin and other 
colouring matter by oxidation.**® | 

The disinfectant properties of chlorine and hypochlorites have long been 
known (Mellor, II, 96), but the use of chlorine for sterilizing water supplies 
has expanded in recent years with the development of ‘break-point’ chlorina- 
tion. This process consists in adding chlorine to the water until the apparent 
chlorine content, after rising to a maximum and falling to a low minimum (the 
break-point), suddenly begins to rise again steadily in proportion to the further 
chlorine added. The apparent maximum and minimum in the chlorine content 
are very probably due to the formation and subsequent decomposition of chlor- 
amines formed by reaction of chlorine with ammonia or certain types of organic 
amino-compounds present in the water before treatment (e.g. 2NH, + Cl; — 
2NH,CI + 2HCl; 2NH,Cl + Cl, — N, + 4HCl1). Prior to the break-point the. 
chlorine exists in combination with nitrogen, but afterwards it is in the free 
state and the water is found to be more reliably sterilized than if insufficient 
chlorine had been added to reach the break-point. Other advantages claimed 
for the process are that the taste, odour and colour of the water are improved, 
that pipe-lines are kept clear of growths which would reduce their carrying 
capacity, and that dissolved manganese is removed.’** A review of the sub- 
ject has been given by Palin.” 

Chlorine has also been used to reduce the biochemical oxygen demand of 
sewage by a break-point process.** Break-point phenomena with sewage can 
be very complex owing to the presence of several chlorine-demanding sub- 
stances.** 

The sterilizing action of chlorine has been held to be due to inhibition of 
glucose oxidation at the appropriate point in the bacterial cell.*® Hypo- 
chlorous acid, formed by hydrolysis of the chlorine, is apparently the effective 
agent. The effect of concentration (c) and killing time (t) required with B. 
anthracis spores can be expressed by the equation K =c"t. The difference in 
the resistance of various types of organism and (in part) the lesser efficiency 
of mono- and di-chloramine may be connected with the differing rates of dif- 
fusion through the cell walls.*” The bactericidal action of chlorine is less 
rapid than that of ozone, and more care is required to avoid after-tastes.**"* 

Among the other uses of chlorine which depend on its toxicity are its 
employment for sterilizing the process liquors in sugar manufacture ,7°** the 
control of mussels etc. in sea-water cooling circuits,** and the restoration of 
the output of wells (here the chlorine may also help by removing calcium and 
magnesium deposits).7*7° 

Chlorine is used extensively in the textile industry, not only for the pre- 
paration of bleach liquors (calcium hypochlorite, etc.), but also to reduce the 
shrinking propensity of woollen fabrics.?”** The latter effect is due to rupture 
by chlorine of the disulphide linkages in the fibre.2%*° Chlorinated wool is 
dyed more readily than untreated wool.***? It has also been ptoposed to use 
chlorine to impart a curl to jute fibres.** 

Chlorine is used in various ways in metal refining, e.g. to removeoc- 
cluded gases from aluminium and its alloys,**** to remove hydrogen from 
magnesium,*’ and for ‘parting’ gold or removing zinc from lead.*® It can also 
be used to strip tin from scrap tin-plate*® and to modify the conductivity of 
selenium.*%** | 

Miscellaneous actual or proposed uses of chlorine are for removing 
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hydrogen sulphide from waste gases,** of mercury vapour from air, or sulphur 
from metallurgical coke,** or mineral impurities from graphite;** as a catalyst 
in hydrocarbon cracking;** for the decomposition of phosphate rock*® or the 
working-up of manganese ore;*’ and for ‘killing’ cyanides in industrial waste 
waters by oxidizing the cyanides to cyanates.**™” 

Other examples of the industrial use of chlorine will be found on pages 
689 and 815, and in subsequent Supplements. For details of the use of chlo- 
rine in the production of organic compounds, the reader is referred to works 
on organic chemical technology. — 
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SECTION XIV 


THE PREPARATION AND MANUFACTURE OF 
HYDROGEN CHLORIDE AND HYDROCHLORIC ACID. 


By C.C. ADDISON and J. LEWIS 


DIRECT UNION OF THE ELEMENTS 


The burning of chlorine in hydrogen is one of the most important methods 
for the manufacture of hydrochloric acid. The gases are prepared by the 
electrolysis of brine, and are not normally given drying treatment before 
reaction. Small quantities of air may be introduced with the ,chlorine into 
the combustion chamber to lower the combustion temperature.’ To ensure 
the formation of chlorine-free hydrogen chloride, an excess (up to about 15%) 
of hydrogen is employed. If air is introduced also, a chlorine-free product is 
obtained provided that the hydrogen present is sufficient to react with both 
the chlorine and the oxygen.”** The reaction has been carried out over a wide 
range of gas pressures, from values exceeding 1 atm.*»* to pressures as low as 
5—20 mm. of water.® The reaction is initiated by igniting the hydrogen in a 
stream of air by means of a coal gas flame; chlorine is then introduced into 
the combustion chamber, and the air supply reduced or stopped when steady 
burning has commenced. Under these conditions conversion of chlorine into 
hydrogen chloride is complete, although the burning of. hydrogen and chlorine 
in the presence of catalysts such as finely divided activable clay’ or quartz® 
has been suggested. Combustion may take place in large vertical towers or 
in a multiplicity of small globes; if the burners and reaction vessels are of 
metal, corrosion by the wet gases is minimised by incorporating jackets of 
cooling water which maintain the temperature of the metal above the dew point 
of hydrogen chloride. The relation between dew point and moisture content of 
hydrogen chloride is given below: *? 


H,O content 0-5 1-0 2-0 3-0 4-0 5-0 6-0 10-0 
(vol-%) 
Dew point.“C, =-28> 9374547" MISS eb C0 eee Ootee 


In practice the moisture content may vary over the above range, but is 
typically between 1 and 3%. If a liquid film saturated with metal chloride 
were allowed to form on the metal surface, its vapour pressure would be 
lower than that of the uncontaminated condensate, and the film would dry 
more slowly. To avoid this difficulty, the extent to which the temperature of 
the cooling jacket exceeds the dew point varies with the deliquescent nature 
of the metal chloride; thus with iron vessels the optimum cooling jacket 
temperature is 15° above the dew point, whereas with copper vessels an 
excess of 3° is adequate. An alternative method of protecting the burners is 
to supply the gases under pressure, so that the velocity of the gas stream is 
greater than the rate of flame propagation.*®»*4*1?, This prevents contact be- 
tween the flame and the burners, but the critical gas velocity necessary to 
give a steady flame is difficult to maintain. A form of burner in industrial 
use overcomes corrosion difficulties by the use of silica as fabricating ma- 
terial throughout. The burner consists of two vertical concentric tubes; 
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hydrogen is ‘supplied through the outer tube (2—3 in. diameter) and chlorine 
through the inner tube (1 in. diameter). The latter terminates several inches 
below the outer tube, and carries a series of fishtail fins designed to ensure 
uniform mixing of the gases. The burner is surmounted by a cylindrical 
silica combustion tower approx. 5 ft. high and 1-5 ft. diameter. 

The hydrogen chloride gas is cooled by passage through water-cooled 
ceramic tubes, and absorbed in towers packed with silica chips through which 
a counter-current of water is flowing. Rates of flow may be adjusted to give 
hydrochloric acid (laboratory ‘concentrated’) of sp. gr. 1-18 (11-3N.). Other 
methods involving direct absorption of the hot gaseous product are possible. 
For example, combustion can be carried out in an open mouthed chamber 
submerged in a quantity of the acid; the flame impinges directly on the liquid 
which 1s circulated and maintained at a temperature a few degrees below the 
b.p. of the acid.** Alternatively, the gases may be burned under high pres- 
sure at silica burners immersed in water.** 

Chlorine and hydrogen combine under the influence of light; the kinetics 
of this classical example of a photochemical reaction are considered in detail 
under the properties of chlorine. The rate of combination at room temperature 


is represented by the equation ene kI[H,] (where / is the intensity of the 
absorbed light), at low temperatures (down to 200°K.) by the equation:-. 
dq[HCl] _ ANH) (where k*'< 0-1), 
dt 1 + [HCI (C1,] 
’ 2 Ord HG 
and at temperatures below the m.p. of chlorine by the equation Se pe 


iI (H,].15%° The reaction was found to be inhibited by nitrogenous impuri- 
ties;'? this is due to the formation of nitrogen trichloride.*® The postulate 
that water vapour must be present for reaction to occur’® has been shown to be 
incorrect.'%?°s?4, The high quantum efficiency of hydrogen chloride formation 
is reduced by addition of carbon dioxide, nitrogen, argon, neon or helium.” 
The presence of oxygen not only contributes to the induction period, but also 
has a marked effect on the rate of reaction. The rate in the ipresence of 
oxygen is given by the expression:- 


d[HCI] _ kILH,){C1,] 
dt m{Cl,] + [0,]((H,] + [C1,]/10) 


for oxygenpressures greater than 0-04 mm. the term m[Cl,] may be eliminated."* 
Hydrogen and chlorine combine thermally at temperatures above 200-* “rhe 
thermal reaction is more complicated than the photochemical reaction, since 
thermal combination is initiated by dissociation of chlorine molecules on the 
surface of the containing vessel, whereas photochemical combination is 
initiated in the gaseous phase.”* At 200° the chain length for the thermal 
reaction is about 10*, compared with 10° for the photochemical reaction. 


? 


ACTION OF CHLORINE ON HYDROGEN COMPOUNDS 


Chlorine teacts with water to produce hydrochloric and hypochlorous acids. 
At25° water dissolves about twice its volume of chlorine; the solution evolves 
oxygen on standing (or more rapidly in sunlight) owing to the decomposition of 
hypochlorous acid leaving a pure aqueous solution of hydrochloric acid. 
Hydrogen chloride is produced directly from chlorine and water by heating 
chlorine with an excess of water vapour at 1000—1600° in the absence of 
reducing agents:7* (2Cl, + 2H,O = 4HCI + O,). A high yield of hydrogen 
chloride has been obtained at 900° in the presence of a catalyst consisting of 
a mixture of magnesium chloride with magnesium and calcium oxides.” Re- 
action occurs between chlorine and water in the liquid phase in the presence 
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of carbon to produce hydrogen chloride and carbon dioxide, the speed of 
reaction depending upon the temperature, the chlorine concentration and the 
activity of the carbon.7?” When steam and chlorine are passed through a bed 
of hot carbon the reaction is exothermic and may be controlled (at about 600°) 
so that it proceeds according to the equation:- 


ICIS C4 QHIO. St -COe. PParet 


The presence of combustible constituents (hydrogen and carbon monoxide) in 
the gaseous product, formed by the reaction C + H,O = CO + H, (or the reaction 
below), may be avoided by the use of steam and chlorine in equimolecular 
quantities ‘and by close control of the quantity of carbon employed.*%*%*° The 
experimental conditions may readily be modified to produce a mixture of hydro- 
gen chloride with carbon monoxide, by the reaction Cl, +C+H,O = CO+2HCI.* 
The process is used to recover small quantities of chlorine from gaseous 
mixtures. For example, the chlorine may be adsorbed by coke or charcoal from 
dilute gaseous mixtures; when steam is passed through the carbon layer at 250— 
800° hydrogen chloride is produced.** When a non-reactive gas such as nitrogen 
or methane, containing 1—4% of chlorine, and a similar quantity of air is mixed 
with water vapour in amount at least equivalent to the chlorine content of the 
gas and passed through carbon the chlorine is converted into hydrogen chloride 
in the temperature range 100 — 400°.** 

Hydrogen chloride and carbon are produced when hydrocarbons (e.g. turpen- 
tine) react with chlorine, and the direct chlorination of brown coal has been 
proposed as a method of hydrogen chloride manufacture.** With gaseous 
hydrocarbons the reaction may be carried out suitably by burning a mixture of 
the hydrocarbon (or a hydrocarbon-containing gas such as coal gas) and chlorine 
in a flame in anatmosphere of air. A burner of the bunsen type may be used *5*® 
Alternatively, the gases may be mixed to form an inflammable or explosive 
mixture at a temperature below the ignition temperature, and the combustion 
then effected in a controlled manner.*” When chlorine and simple hydrocarbons 
are heated separately to a temperature between 600° and 1000°, and then 
brought together, the gases react spontaneously to give hydrogen chloride and 
carbon.** The same products are obtained by burning a partially chlorinated 
hydrocarbon with a hydrocarbon, chlorine, or another chlorinated hydrocarbon, 
provided that the total number of gram-atoms of chlorine does not exceed that 
of hydrogen. The use of mixtures containing methyl chloride (or carbon tetra- 
chloride) with methane and chlorine has been described.*® Hydrogen chloride 
is also readily separated from the products of the partial chlorination of hydro- 
carbons. In the partial chlorination of methane the chlorinated hydrocarbons 
boiling below 15° may be separated, together with hydrogen chloride, from the 
higher-boiling chlorinated hydrocarbons by scrubbing the gas mixture with a 
carbon tetrachloride-chloroform mixture. Hydrogen chloride is then separated 
from the gaseous mixture by washing with water.*® The preparation of hydrogen 
_ chloride free from carbon and organic impurities may be effected by adding 
water vapour to the chlorine-hydrocarbon mixture in an amount at least suf- 
ficient to convert the hydrocarbons into carbon monoxide.** When a compressed 
mixture of methane and chlorine, with excess of water vapour, is passed 
through a tube at 700—800°, the formation of chlorinated organic compounds 
is avoided, and the chlorine is converted quantitatively to hydrogen chloride. 


The reactions are:- 
CH, +.3Cl + HO =" COs more 
CH, + 4Cl, + 2H,O0 = CO, + 8HCl 


By operating at the lower temperature and increasing the excess of water 
vapour the second reaction is promoted.‘ 

The reaction 2Cl, + 2H,OQ —® 4HCl + O, (the reverse of the Deacon 
process for the manufacture of chlorine) takes place readily in the presence of 
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reducing agents capable of removing the oxygen produced; these reactions em= 
ploy carbon for this purpose, but sulphur dioxide is a suitable alternative. The 
reaction SO, + Cl, + 2H,O = H,SO, + 2HCI goes to completion inthe temperature 
range 15—90°, the reaction rate increasing with rise of temperature.*? Re- 
action may be carried out by bubbling the dry gases into water (or hydrochloric 
acid solution), or by mixing the gases, saturated with water vapour, ina 
suitably designed nozzle discharging into a cooling coil, from which the 
products may be transferred to a distillation chamber.** The hydrochloric 
acid may be removed from the sulphuric-hydrochloric acid mixture by heating 
to above 100°** The reaction proceeds in the presence of air and the extent 
of reaction is independent of the quantity of air present.*® Some excess of 
sulphur dioxide over the amount required according to the above equation is 
also converted into sulphuric acid in the presence of air; on this reaction 
chlorine has a catalytic effect reminiscent of the behaviour of nitrogen oxides 
in the lead chamber process for manufacturing sulphuric acid. It is stated*® 
that the reaction SO, + Cl, + H,O = SO, + 2HCI does not take place. 

Although water and hydrocarbons represent the main sources of hydrogen 
in these reactions, ammonia and hydrogen sulphide have also been proposed 
for this purpose. At low temperatures, reactions between chlorine and ammonia 
are unsuitable because of the formation of ammonium chloride: 3Cl, + 8NH, = 
6NH,Cl + N,, and nitrogen trichloride: 3Cl, + NH, = NCI, + 3HCl. However, 
when anhydrous ammonia and anhydrous chlorine are brought into contact ina 
reaction chamber containing calcium chloride and at a temperature of 800°, the 
products are hydrogen chloride and free nitrogen: 3Cl, + 2NH, = GHCI + N,.*” 
The reaction between chlorine and hydrogen sulphide: Cl, + H,S = 2HC1 +S is 
facilitated by mixing equimolecular proportions of the two gases in the presence 
of sulphur mono- or di-chloride.** The latter serves as a sulphur solvent 
which is not influenced by the reactants, and may be removed from the hydrogen 
chloride by washing the gaseous product with xylene. 


THE ACTION OF HYDROGEN OR KYDROCARBONS 
ON CELORINE COMPOUNDS 


Under suitable conditions hydrogen or the simple hydrocarbons will react 
with many chlorine compounds. With metal chlorides the products are hydrogen 
chloride and free metal or the metal hydride. Even the alkali metal chlorides 
may be reduced in this way. At temperatures above 700° hydrogen reacts with 
sodium chloride to produce hydrogen chloride and sodium hydride.*%*° With 
methane the yields are lower than with hydrogen. Silica and iron oxide are 
often added to the metal chloride to reduce the endothermic nature of the 
reaction; the reaction between methane and sodium chloride may be represented 
thus:-5°5? 


4NaCl + 8SiO, + 3Fe,O, + CH, = 2Na,SiO, + 6FeSiO, + CO + 4HCl. 


Lithium and potassium chlorides undergo reduction by hydrogen or methane at 
800 — 1000°, and the yield of hydrogen chloride obtained at a given temperature _ 
decreases with increase in the heat of formation of the chloride.*? For the 
reduction of magnesium chloride the temperature should be above 700°, and 
above 900° for reducing the chlorides of calcium, strontium and barium.**** In 
the presence of silica and iron oxide, the formation of hydrogen chloride from 
calcium chloride by the action of hydrogen is quantitative at 1000°, and 75% at 
700°. When methane is used instead of hydrogen, the yields are somewhat 
lower.** With anhydrous zinc chloride, the maximum yield of hydrogen chloride 
(about 50%) from reaction with hydrogen is teached at 500 —550°. By the use 
of methane, the yield is reduced to about 27%.°* Silver chloride is reduced 
quantitatively by hydrogen at 540°, and by methane or butane at about 750°. 
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Lead chloride is reduced by methane above 800°, and cuprous chloride by 
methane above 600° Reactions involving the metals silver, lead or copper 
have been suggested as a means of recovering hydrogen chloride from waste 
gases; the gases are passed over the metal to form the chloride, and the 
hydrogen chloride regenerated in an anhydrous state by reaction of the chloride 
with hydrogen or hydrocarbons.*° 

With volatile chlorides, reduction may be carried out in the gaseous phase. 
Reduction of mercuric chloride vapour by hydrogen or hydrocarbons takes 
place at 600°; the mercury may be condensed from the gas stream, and (when 
hydrocarbons are used for reduction) the finely divided carbon may be separated 
by a dust precipitator.°® Similarly, aluminium chloride may be reduced by 
hydrogen by passing the vapour in a stream of hydrogen through an electric 
arc.®7 A vapour-phase reaction involving boron trichloride is used in the 
preparation of hydrogen chloride and pure amorphous boron.** Boron trichloride 
is prepared by the action of chlorine on borax in the presence of powdered 
charcoal: 


Na,B,0, + 7Cl, + 7C = 4BCl, + 7CO + 2NaCl 


The boron trichloride is condensed from the gas stream from the furnace, re- 
vaporised, and reduced by passage of the vapour with hydrogen through an 
electric furnace; boron dust is suspended in the furnace atmosphere to catalyse 
the reaction 2BCl, + 3H, = GHC] + 2B. In another method a mixture of nitric 
oxide and hydrogen chloride (from which the latter may readily be obtained by 
scrubbing with water) is formed by the reaction 2NOC] + H, = 2HCI + 2NO. 
Nitrosyl chloride and hydrogen are heated together in the temperature range 
150 —500°; a temperature of 400° has been found suitable in the presence of 
catalysts such as Al,O,, MnO,, MnCl,, Cr,0,, SiO, or activated charcoal, or 
when the mixture is irradiated by light.°” ©» 


THE DECOMPOSITION OF CHLORIDES BY LESS VOLATILE ACIDS 


This is the method commonly employed for the preparation of hydrogen 
chloride gas in the laboratory. The method described in Mellor (II,162), involv- 
ing reaction between concentrated sulphuric acid and solid sodium chloride in 
a Kipp’s apparatus, suffers from several disadvantages, including the neces- 
sity to dismantle the apparatus for recharging, and to use separate drying 
equipment. These difficulties are partly overcome by dropping a saturated 
solution of sodium chloride into sulphuric acid,®* but hydrogen chloride is 
most conveniently prepared by direct reaction of concentrated hydrochloric 
with sulphuric acid®*"® or chlorosulphonic acid.®” A convenient apparatus for 
this purpose is shown in Figure 1.°° Dropping funnels G and G, contain equal 
volumes of concentrated hydrochloric acid (sp. gr. 1+17) and sulphuric acid. 
The acids are allowed to drip from the funnels (the latter acid at about twice 
the rate of the former) and to mix in the annular space B. The hydrogen 
chloride evolved passes up arm A. The concentrated sulphuric acid flows 
over loosely-packed glass wool or short lengths of glass tubing in arm A, and 
therefore serves as a drying column for the issuing hydrogen chloride. 

Although much hydrogen chloride is now manufactured by the processes 
already described above, the salt cake (sulphuric acid-salt) process, and 
Hargreaves’ process (in which a mixture of sulphur dioxide, air and steam is 
passed over salt at about 530°) are still of importance, and a large number of 
references in the patent literature (not considered here) relate to improvements 
in the efficiency of these two processes by modifications in temperature, 
relative quantities of reactants and design of reaction chambers. Similar 
processes may be carried out using potassium chloride®*® and calcium chlor- 
ide7"”* in place of sodium chloride. Several important modifications of these 
processes, in which other acids replace sulphuric acid, have been found 
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Fig, 1, APPARATUS FOR THE PREPARATION OF HYDROGEN CHLORIDE 


practicable. Reaction occurs between salt, sand and steam at elevated tem- 
peratures to give sodium silicate and hydrogen chloride: 2NaCl + H,O + SiO, = 
Na,SiO, + 2HCI — 68 kg.-cal. Reaction begins at about 600°, increases grad- 
ually up to 1000°, and becomes markedly greater at slightly above 1000°.” 
Low yields of hydrogen chloride at higher temperatures are attributable to the 
unfavourable equilibrium constant for this reaction; writing K = (HCl)?/(NaCl)? 
(H,O), then log,, K = 2-9 at 1000°K., 1-2 at 1200°K., and 0-1 at 1400°K.’*"5 
The addition of air to the steam increases the decomposition of the salt, but 
the process is then complicated by the reactions:- 
4NaGl + 2Si0, + O; = 2Na,S10, + 2Cl, 
Natal 24 oO E21 O Mae teva o EO co i 
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Hydrogen chloride may be also produced by heating together ortho-, pyro- or 
meta-phosphoric acid with alkali metal chlorides, the residues being utilised 
as fertilisers.7°7” Nitric acid may be used in a similar way, but the volatility 
of nitric acid is a disadvantage.7*°7? The distillate from a chloride=nitric acid 
mixture contains both hydrochloric and nitric acids; the acids may be separated 
by adding the distillate slowly to concentrated sulphuric acid, when hydrogen 
chloride is immediately liberated.°° The gaseous product obtained on heating 
an alkali metal chloride with excess of concentrated nitric acid contains sub- 
stantial quantities of nitrosyl chloride, which may be scrubbed from the gas 
mixture by the use of water sufficiently hot to prevent excessive dissolution 
of hydrogen chloride.** Treatment of an alkali metal chloride with hydrofluoric 
acid, or a complex acid of the type H,SiF, or HBF,, has also been suggested 
for the preparation of hydrogen chloride, although in such reactions the pre- 
paration of pure fluorides is usually of primary importance.*"" 


THE HYDROLYSIS OF CHLORIDES 


When chlorides are hydrolysed using controlled amounts of water (MCl + 
H,O = MOH + HCl) hydrogen chloride is readily separated because of its 
volatility. Some non-metal chlorides are hydrolysed immediately on contact 
with water. For example, when water is added to an excess of phosphorus 
trichloride, hydrogen chloride is continuously evolved and the reaction: PCl, + 
3H,O = H,PO, + 3HCl proceeds to completion. Certain oxy-compounds may 
also be employed for this purpose; thus the hydrolysis of sulphury! chloride 
has been proposed as an industrial process.°**? Many other non-metal chlorides 
(e.g. silicon tetrachloride) react similarly.. The chlorides of a number of 
metals in their highest valency state hydrolyse on contact with water; stannic 
chloride is hydrolysed by moist air, and the reaction TiCl, + 2H,O = TiO, + 
4HCl, which readily occurs when titanium tetrachloride is ejected from a 
Spray nozzle into moist air, has been utilised for the production of naval 
smoke screens. These reactions may be adapted for the continuous production 
of hydrogen chloride by mixing the vapour of the chloride with controlled 
amounts of water vapour.”° ! 

The chlorides of the most electropositive metals may also be hydrolysed 
at sufficiently high temperatures. Hydrolysis of magnesium, calcium and 
sodium chlorides in a current of steam has been utilised industrially. The 
chemistry of these processes has already been described (Mellor,II,164) and 
more recent modifications have been concerned primarily with preliminary 
treatment of the halides, or the addition of catalysts, to promote reaction or 
give a higher yield of hydrogen chloride.”-*°° The equilibrium constants and 
free energies of the reactions:- 


CaCl + HOF = Ca0 4a He) 
andy CaCl, + SiO, +.H.0 =s\CaSi0O Ong 


have been compared. The difference between the AH values for the two re- 
actions is about 28kg.-cal. for temperatures between 30 and 600°. The amount 
of hydrogen chloride liberated increases with rise of temperature, especially 
in the second reaction. Yields greater than 90% may be obtained from the 
second reaction at 400°.*% Hydrolysis of chlorides by deuterium oxide has 
proved a convenient method for the laboratory preparation of deuterium chloride, 
this compound has been prepared, for example, by passing deuterium oxide over 
magnesium chloride at 600°.*°? Hydrolysis of ferric chloride may be accom- 
plished at 300—600°, without the addition of steam, by simply heating the 
the hydrated salt. If hydrated ferrous chloride is used, it must be heated in 
the presence of air or oxygen.*°7*% 


Refs. p. 410 


14 ' PREPARATION AND MANUFACTURE 409 


PURIFICATION OF HYDROGEN CHLORIDE AND HYDROCHLORIC ACID 


Most methods of preparation involve the initial production of hydrogen 
chloride gas, and many of the possible impurities may be removed conveniently 
by treatment at this stage. Sulphur dioxide is removed by scrubbing the 
hydrogen chloride with sulphuric acid. At concentrations in the range 80 — 
100%, and at temperatures of 50 — 150°, sulphuric acid readily absorbs sulphur 
dioxide and moisture, but is a poor solvent for anhydrous hydrogen chloride.!% 
Sulphur dioxide may also be removed by bringing the gas, in the presence of 
oxygen, into contact with an aqueous solution of calcium chloride containing 
hydrochloric acid in concentration equilibrium with the gas phase; calcium 
sulphate is precipitated from the solution.*°%® Organic contaminants are re- 
moved from hydrogen chloride by the addition of oxygen and (if necessary) a 
combustible gas such as butane. Ignition of the mixture oxidises the hydro- 
carbons to carbon monoxide and dioxide, and the hydrogen chloride in the 
product may then be dissolved in water.*°%*°® Arsenical contamination may be 
largely eliminated (down to 0-00004%) by bubbling hydrogen chloride through 
a solution of calcium hypophosphite;*®? at the same time chlorine and sulphur 
dioxide are also removed by the reactions:- 


3H,PO, + 4AsCl, + 6H,0 = 3H,PO, + 12HC1 + 4As 
PO 2GL, tH Ole O. ant 
H,PO, + SO, = H,PO,+S 


The method suffers from the disadvantage that the hypophosphorous acid 
undergoes some spontaneous decomposition: 2H,PO, = H,PO, + PH,. Part of 
the phosphine so produced passes on with the hydrogen chloride stream, and is 
trapped as phosphonium chloride in the final aqueous solution. However, 
when the gas stream is passed through a bed of activated carbon, arsenic 
chloride is preferentially adsorbed, and the final product shows no trace of 
arsenic by the Gutzeit or Marsh test.**° Other suitable adsorbents are silica 
gel, activated bauxite or charcoal.*4*"*** Hydrogen chloride gas is absorbed 
by several of the heavy metal sulphates (e.g. copper, cadmium, bismuth, lead, 
zinc, silver and mercuric sulphates), either in the solid form or in suspension 
in concentrated sulphuric acid. (The nature of these addition compounds is 
discussed under the chemical properties of hydrogen chloride, see page 462). 
This reaction is utilised in several processes for the removal of hydrogen 
chloride from gas streams; the gas is passed over the solid sulphate (copper 
sulphate being commonly employed) and the hydrogen chloride regenerated by 
heating the solid.***"**® These compounds also provide a convenient means of 
‘storing and transporting anhydrous hydrogen chloride.’*® Purified hydrogen 
chloride may be dried by treatment with concentrated sulphuric acid; indus- 
trial processes employ counter-current flow in a tower.'*»"*’ Final traces of 
moisture are removed by passing the gas through a mass of granular aluminium 
chloride.'?3 #4 Anhydrous hydrogen chloride can be liquefied at 60 atm. 
pressure, and in this state it may be stored in steel vessels.” a 

Reagents employed for the purification of hydrochloric acid solutions 
have been discussed and summarised (Mellor II, 165). Further work has con- 
firmed the use of stannous chloride (the Bettendorf reaction) in the removal of 
arsenic compounds.'?” In addition, arsenic, iron compounds and organic im- 
purities are removed by passing the solution through a filter bed of activated 
charcoal.!2812° Acid oxides of nitrogen are removed by treating the solution 
with sulphamic acid or its salts, followed by distillation.**° 

The choice of materials from which to fabricate vessels for the storage 
and transport of hydrochloric acid is limited by the highly corrosive nature of 


° . ° . 131 
the solution. Use may be made of antimony or bismuth or their alloys,” or 
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tantalum,!*? but the acid is usually stored and transported in vessels made from, 
or lined with, glass or ebonite. 
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SECTION XV. 


THE PHYSICAL AND CHEMICAL PROPERTIES OF 
HYDROGEN CHLORIDE AND HYDROCHLORIC ACID. 


By C.C. ADDISON and J. LEWIS 
THE PHYSICAL PROPERTIES OF HYDROGEN CHLORIDE 
DENSITY 


The density of solid hydrogen chloride undergoes a sharp change at the 
transition point (98-4°K.). The density of the rhombic modification, stable 
below the transition point, has been found experimentally to be 1-507 at 81°K.,* 
and 1-503 at 78°K.* Extrapolation of data in the latter experiment indicates a 
density of 1-54 at O°K.* The density at 95°K., calculated from unit cell. 
dimensions, is 1-55.* The experimental value for the density of the cubic 
modification, stable above 98.4°K., is 1-469 at 107°K.* Calculation from cell 
dimensions gives values of 1-48° and 1.49% for the density of the cubic form 
at the transition temperature. 

Little information is available on the density of liquid hydrogen chloride 
beyond that already given (Mellor,II,174); the variation in the density (d) of 
the liquid with temperature (T°K.) is expressed by the equation® d = 1-187 + 
0.00318 (T,-T) where 7, is the boiling point. 


DEVIATION FROM IDEAL GAS BEHRAVIOUR 


These deviations have been most frequently expressed in terms of the 
constants a and 5b in Van der Waals’ equation (p + a/v?)(v-b) = RT. If v, is 
the ratio of the measured volume of one gram mol. of the gas to the volume of 
one gram mol. of the ideal gas at S.T.P., then the equation becomes | 


(p + a/v,?v,- 6) = T/27361, 


Using this equation for hydrogen chloride, a = 731 x 10°° and 6 = 1822 x 10 
when p is expressed in atmospheres.” Using the actual volume v, (mls.), the 
equation may be written 


(p + a,/v,"(v,- 6,) =(1 + a)C1- b,) 1/2731 


when a, = 3-62 x 10° and ), = 40-2. ; 
Deviation from ideal behaviour has been expressed in terms of acompressi- 
bility coefficient A, defined as 


BEUo/ Pig = 1A; 


where v, is the volume of gas at atmospheric pressure p, and oes and v9 the 
volume at an infinitely small pressure py. The average of 45 determinations 
on hydrogen chloride gave 1 + A = 1-00787.° The deviation has also been 
expressed in the form pv/RT = 1+ B/v; f, the second virial coefficient, has 
the value -446 for hydrogen chloride.” 


VISCOSITY 


Values for the viscosity of gaseous hydrogen chloride (7 dyne sec. cm. ’) 
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are given in Table I.*°** 


ee ee — OF GASEOUS HYDROGEN CHLORIDE 
| oe | 21° | | 154° | 200° 
eee 1434 | 1600 | 1832 } 2093 | 2303 | 2530 


The mean free path / is related to the density p and mean molecular velocity 
& by 7 = 0-499pel;"* using 7 x 107 = 1397 at 15°, then / x 10° = 4-44,* 

The variation in gaseous viscosity with temperature is expre ssed with 
accuracy over a wide ie cata range by the Sutherland formula® 


nit, a CE ay Re C/N et ee 


Accurate determinations at t, = 100-3°C. and ¢, = 12°5°C. gave 7 x 107 = 1397 
+ 3, and 1838 + 0-4 respectively, from which the Sutherland constant C = 357.*° 
This equation may be written in the form 


Te Rae 


which is convenient for graphical determination of C.*” Using this equation, 
the values of the constants have been found to be C = 359, K x 10° = 18-66,*® 

The empirical equation 7 = aT"/(T + 6) fits the viscosity data for hydro- 
gen chloride ae a wider Cae of temperature. For the range 23° to 750°, 
the values ie 1:9012 x 10°5, n = %, and b = 387-3 give. n values accurate to 
about 0-1%.*?, The simple matte 7 = No 1/273+1)" gives satisfactory results 
for hydrogen chloride when the empirical constant n = 1. 03.* 


GASEOUS DIFFUSION 


The rate of diffusion of hydrogen chloride into itself, or into another gas 
of very similar molecular weight and diameter, has been determined from a 
study of mixtures of hydrogen chloride and deuterium chloride.” The coef- 
ficient of self-diffusion D (which is the quantity diffusing per second through 
1 sq.cm. under a concentration gradient of unity) depends upon temperature 
and pressure; at 295°K., measurements on HCl-DCl mixtures containing from 
63 to 71% HCl gave a mean value of D = 0-1246 cm.*/sec. (corrected to 760 
mm. pressure). This value is in fair agreement with coefficients of self- 


diffusion for other gases, e.g. 0-174 for carbon monoxide and 0-109 for carbon 
dioxide.” 


THERMAL DIFFUSION 


This property merits reference here, since hydrogen chloride was the first 
compound in which complete separation of the chlorine isotopes was achieved 
by the methods of thermal diffusion.?? On the application of a temperature 
gradient to a gaseous binary mixture of molecules of different mass, the 
heavier molecules tend to diffuse towards the region of lower temperature, and 
the lighter molecules in the opposite direction, thus setting up a concentration 
gradient in each constituent. The process continues until balanced by 
gaseous diffusion; it is the more pronounced the greater is the mass difference 
between the two constituents but decreases rapidly with pressure;** the dif- 
ference between the mol. fractions of either constituent at the high and low 
temperature regions is given by 


Ar = Ge log e CPV Th) 


Though the coefficient of thermal separation (K7) is relatively small in iso- 
topic mixtures, conditions in hydrogen chloride are favourable in that neither 
of the isotopic forms is present in small concentration, normal hydrogen 
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chloride containing 75+7% H*5Cl and 24-3% H*’Cl. The effects of thermal 
diffusion have been enhanced by enclosing the gas in a vertical tube, cooled 
on the outside and carrying down the centre an electrically heated wire.” 
Thermal diffusion sets up an isotope concentration gradient across the tube; 
convection currents then carry the heavier isotope to the bottom, and the 
lighter isotope to the top of the tube. The best separation has been obtained 
using five columns (each between 6 and 9 metres in length) connected in 
series; each column had an internal diameter 8-4 mm. and carried axially a 
0-4 mm. platinum wire heated to about 700°%.7* After operation for 37 days, 
the chlorine from the hydrogen chloride withdrawn from the bottom of the 
column had an atomic weight of 36.956.7© Assuming the atomic weight of *’Cl 
to be 36-968, the hydrogen chloride gas contained 99-4% of H®*’Cl. Hydrogen 
chloride withdrawn from the ‘light’ end of the apparatus contained 96% of 
H*5Cl and further modification of the apparatus increased this to 99.6%. 
Hydrogen chloride containing 95% H**Cl has also been obtained using a single 
column 7-5 metres long.”’ 


THE CRITICAL CONSTANTS 


When liquid hydrogen chloride is heated in a confined space, its density 
ez (g./ml.) varies with temperature (°K.) according to the equation™ 


py, = 1-706 - 0.00276 T 


Values for the critical density po (g./ml.), the critical temperature t, (°C.) 
and the critical pressure p, (atm.), which in the case of tf, and pg are in 
closer accord than the values previously quoted (Mellor,II,175), are given in 
Table IL. 


TABLE IL.- CRITICAL CONSTANTS OF HYDROGEN CHLORIDE 


The critical temperature for many binary deuterium compounds is slightly 
lower than for the corresponding hydrogen compounds; ft, for deuterium 
chloride is 50-3°C.** 


BOILING AND MELTING POINTS: HEATS OF FUSION AND VAPORIZATION 


The m.p. of hydrogen chloride is given as 158-91°%.** and 159.34°K.*° Of 
these two values, the former appears to be preferable. The b.p. is 188-07°K. 
The m.p. of deuterium halides are a few tenths of a degree lower than those of 
the hydrogen halides; the m.p. of deuterium chloride is given as 158-44°K.,*” 
and 158-2. ® 

From direct calorimetric measurement, the heat of fusion of hydrogen 
chloride is found to be 504-5 g.-cal. per mol.*®** and 476-0 g.-cal. per mol.** 
Corresponding calculations of the heat of fusion from measurements of the 
vapour pressure of solid and liquid hydrogen chloride gave values of 498-2 
and 462 g.-cal. per mol. respectively, the difference arising from the different 
vapour pressure values assumed. The heat of fusion of deuterium chloride is 
473-2 g.-cal. per mol.?7. On the assumption that the molal volumes for gas, 
liquid and solid are approximately the same for HCl and DCI, a value of 141 
g.-cal, per mol. for the heat of fusion of deuterium chloride has been 
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calculated.*® This calculated value is not in accord with experimental evi- 
dence, which shows that (in common with the other hydrogen halides) the heat 
of fusion of deuterium chloride is only a few calories lower than that of hydro- 
gen chloride. : 

The heat of vaporization has been found by calorimetric measurement to 
be 3860 + 4 g.-cal. per mal.3* which is the mean of twelve concordant values: 
it is appreciably in excess of values already reported (Mellor,II, 176) An 
indirect determination, assuming the gas to be perfect, gave 4040 g.-cal. per 
mol,*° ) 


VAPOUR PRESSURE 


The vapour pressures of solid hydrogen chloride over a range of tempera- 
tures are given in Table III.** 


TABLE IIl.- VAPOUR PRESSURE OF SOLID HYDROGEN CHLORIDE 
1 Poe P (mm. He) 


5°58 
5°89 
7°87 
13-08 
20-44 
27°82 
37°05 
66-92 
72°21 
103-71 


158-91 (triple 
point) 


These values are related very closely by the equation 
~ 1-285 log,,f - 0-0009467T + 12-005 


ti 


log,’ (mm. Hg) =- 


and also by the equation (due to Henglein*®):- 
log, .P(mm. Hg) = -k/T” + 7.5030 
where k = 1966-3 and n = 1-1600. 


Independent determinations are in close agreement with the above values. 
Thus P = 75-6 mm. at 155+55°K.,**? and at 159.34°K. (quoted as the triple 
point), P = 103-44 mm.*® : 

The values of the vapour pressure of liquid hydrogen chloride** previously 
quoted (Mellor,II,176) appear to be somewhat low. More recent data, deter- 
mined over the full temperature range for the liquid state, are given in Table 
IV. 

These values are related by the equation*” 


log ,o/(mm. Hg) = 2732 + 1575 log,,I - 0:0050077T + 465739 


The equation of Henglein*® has also been applied to the P-T relation for 
liquid hydrogen chloride, when k = 945-7 and n = 1-0160. 

The vapour pressures of deuterium chloride, in both solid and liquid 
states, (see Table V), are slightly lower than the corresponding hydrogen 
chloride values. *® 

If P, and P, are the vapour pressures of hydrogen chloride and deuterium 
chloride respectively at the temperature 7, then for the solid state 
ee ee 

|e T 
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TABLE IV. - VAPOUR PRESSURE OF LIQUID HYDROGEN CHLORIDE 


158-91 

164-62 

169+ 28 
173¢95 
178+53 
18184 
185+ 17 
188-41 
191-96 
19593 


TABLE V.- VAPOUR PRESSURE OF DEUTERIUM CHLORIDE 
P (mm. Hg) 


Solid 
Solid 
Solid 
Solid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 


and for the liquid state 


logsest = 3 - 0.075 
| 


The ratio of the two vapour pressures reaches a maximum of 1-05 at the 
triple point. 


SPECIFIC HEATS AND ENTROPY 


Values for the molecular heat capacity Cp of solid and liquid hydrogen 
chloride are given in Table VI. 


TABLE VI.- MOLECULAR HEAT CAPACITY OF HYDROGEN CHLORIDE 


Gp ecal/aowee | Tomo. | Gp ercal/doates 


SOLID™ 9296 | 
117-30 | 
138°79 
155-06 

LIQUID 


16372 
171645. 
178+64 
~ 185-20 
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The values of C, for the solid show a discontinuity due to a solid transi- 
tion which occurs at 98-36°K. (This transition is discussed under solid 
hydrogen chloride). These values were determined by direct calorimetric 
measurement; they are close to those determined by other workers using 
similar technhiques**** but are probably the most nearly correct. 

Many determinations of the specific heat of gaseous hydrogen chloride 
have been made, both by direct measurement and by calculation from spectrosco- 
pic data. Table VII gives the values of the molecular heat at constant volume 

C ire 
ue TABLE VII. - MOLECULAR HEAT OF HYDROGEN CHLORIDE 
AT CONSTANT VOLUME 


Values, calculated** from Raman spectra data,*’ for the molecular heat at 
constant pressure are given in Table VIII. 


TABLE VII. - MOLECULAR HEAT OF HYDROGEN CHLORIDE 


AT CONSTANT PRESSURE | 
600 | 800 | 1000 1400 | 1600 | 1800| 2000 


| C,, g.-cal./degree 6-95 707| 7-28] 7-54 8.38 


The constants have been evaluated in the empirical specific heat equation, 
C,=a+ bT + cT*, and are found to be 67319, 0-4325 x 107? and 3-697 x 1077 
respectively.*® Ignoring cT?, the values of a and b have been given as 6-70 
and 0-84 x 10°%.4° The specific heat of deuterium chloride is somewhat 
greater than that of hydrogen chloride at corresponding temperatures. *” 

The ratio of the specific heats at constant pressure and constant volume, 
Va C,/ C,, determined from the velocity of sound in the gas, is 1+404 at 
0°C.°° The entropy (S) of hydrogen chloride gas at the boiling point ~ 
(188-07°K.) has been determined from calorimetric data by adding to the 


graphical integration of the equation § = is | CpdiaT the entropy changes ac- 


companying each change of state, as follows: 


Entropy change g.-cal./degree per mole 
O°K. to transition point (98+36°K.) 7 +36 
Solid transition rhombic —> cubic 2°89 
Transition point to melting point (158-91%.) 5-05 
Fusion 3.00 
Melting point to boiling point (188-07°K.) 2-36 
Vaporization 20°52 


This gives a total of 41+2 g.-cal./degree per mol.,** or 41-3 g.-cal./degree 
when corrected to the ideal state. At 298-1°%., entropy values of 44-5°* and 
45-4*° g.-cal./degree have been determined. The former value is preferred, 
and is in close agreement with values obtained by calculation from spectro- 
scopic data;**°" these calculations have been applied to H*5Cl and H®7Cl 
separately, giving the following values of S at 298.1%; H*5Cl = 44.619, H®’Cl 
= 44.783, and the existing HCl mixture 44.658 g.-cal./degree. *? 


HEAT AND FREE ENERGY OF FORMATION 


Direct calorimetric measurements of the syntheses 4H,(g) + %4Cl,(g) = 
HCl (g) have given the heat of formation of gaseous hydrogen chloride (-AH 
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kg.-cal, per mol.) as 21-89 at 21°C.®* and 24°C.™ and 22.06 at 25°C.°5 The 
value of 21-89 kg.-cal. per mol. has also been calculated from measured values 
of AH for silver chloride, and the e.m.f. of the cell Ag|AgCl|HCl| aq. as 
The change in heat content for the above reaction, determined accurately from 
the e.m.f. of the hydrogen=chlorine cell, and Spectroscopic data, gives -AH = 
22-028 kg.-cal. per mol. at 25°C.5? The heat of formation at 400°C., calcu- 
lated using AH at 0°C. and specific heat data, is found to be 22.54 kg.-cal. 
per mol.®’ The free energy AG for this synthesis is given as a function of 
temperature over the range 298~2100°K. by the relation 


AG=A. BT lor T+ Cr 


ete eae a2 1/7, B= 9.9 x. 107 and G = =5.22 x 107°.* Measurements of 
the free energy of formation at 298°K. give AG = -22-775,5= and ~22-74] 
kg.-cal. per mol.* 

As is to be expected from the large heat of formation, the hydrogen chloride 
molecule has a high thermal stability. Calculated values of the percentage 
dissociation into H, + Cl, are® 


T°: 500 1000 2000 3000 
% dissociation 1921078 1.341073 0-41 1-30 


while ultraviolet radiation is said to cause about 0-25% dissociation. * 


OPTICAL CONSTANTS, DIELECTRIC CONSTANT AND POLARIZATION 


The refractive index a and the molar refractivity R = (n?~1)M/ (n742)p are 
compared in Table IX with corresponding values for deuterium chloride;™ .n, 
is the refractive index of the gas at 0°C. and 760 mm., referred to a vacuum. 


TABLE I[X.* MOLAR REFRACTIVITY OF HYDROGEN CHLORIDE 
AND DEUTERIUM CHLORIDE 


Wave length | Hydrogen chloride Deuterium chloride 
A(A.) (n—=1) x 10° (np 1) x 10° 


The mean value of Ryq - Rpq, 0-015, does not vary appreciably with 
wave-length. The value of n, decreases with increasing wave-length, and 
this effect continues into the infra-red.©* 

The earliest determination of the dielectric constant of gaseous hydrogen 
chloride gave € = 1.00258 at 100°C. and 760 mm.“ Later measurements of «€ 
at atmospheric pressure, using a heterodyne beat null method in a temperature 
range of about 400° from just above the liquefaction point,® are given in Table 
X. 

Independent measurements are in close agreement.°° The values conform 
to the Debye equation, written as (e-l)vT = AT + B, where v is the specific 
volume and A and B are constants having the values 0-00104 and 0-895 res- 
pectively. Seas 

The variation with temperature of the total molar polarization, P, of hydro- 
gen chloride is compared in Table XI with that of deuterium chloride (using as 
standard e for air = 1-000582).°’ 

Other P values determined over the temperature range 286 -373°K. agree 
closely with those quoted in the Table.® The atomic polarization (Pq) of 
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TABLE X.- DIELECTRIC CONSTANT OF GASEOUS HYDROGEN 
CHLORIDE AT ATMOSPHERIC PRESSURE 


. | (e=1) x 104 


201-4 
260-1 
294.2 
359-2 
433.9 
503-9 
5888 | 


TABLE XI,- VARIATION WITH TEMPERATURE OF THE TOTAL MOLAR 
POLARIZATION OF HYDROGEN AND DEUTERIUM CHLORIDES 


hydrogen chloride is very small; calculation from infra-red data gives Pg = 
0-017 c.c.°? Using the value 6°84 c.c. for the contribution of the atomic and 
electronic polarization (P4 + £), the above data give the dipole moment ptyq 
= 1-084 x 107** e.s.u., and pc, = 1-088 x 10° e.s.u. The difference ppcq= 
lac] Varies between 0-003 x 10°*® and 0-007 x 107**, according to the method of 
calculation.*’ 7 

The above value for [yc] is believed to be the most reliable; other values 
(in Debye units) determined from dielectric constants are 1-034,° 1-18,°° 
1-487° and 1:06.°° More widely divergent values have been obtained by the 
molecular beam method (1:95” and 0-917") and by wave-mechanical calculation 
(1-23).”* Polarization measurements on gaseous hydrogen chloride have also 
been applied to the study of the distance of separation of the nuctei under 
these conditions.”° 

The dipole moment of hydrogen chloride is generally higher when measured 
in solution in non-polar solvents than in the gaseous state. Values of pu 
measured in various solvents are collected in Table XII. 


TABLE XI. - DIPOLE MOMENT OF HYDROGEN CHLORIDE 


Chloroform 
n-Heptane 
n-Hexane 
cycloHexane 


Benzene 


Toluene 


Ethyl bromide | 
Ethylene dichloride 


1:4-Dioxan 
Diethyl ether 


It is clear from the Table that the yu values fall into two groups, and that 
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the dielectric constant of the solvent is not a significant factor in determining 
the order of magnitude of the dipole moment; it is rather the case that high 
values of f are associated with the presence of oxygen in the solvent. Spec- 
troscopic”® and potentiometric®® evidence indicates the absence of appreciable 
lonization in HCledioxan solutions. The large solvent effect probably 
results from incipient hydronium formation; the H-Cl bond has its usual par- 
tial ionic character, but is in a slightly perturbed state because of the proxi- 
mity of ether oxygen with its slightly negative charge, and these solutions 
show absorption bands in a region that can be ascribed to the perturbed hydro- 
gen chloride molecule.” Similar considerations apply to solutions in diethyl 
ether; the value of /4;;, in ether is nearly equal to the sum of the moments of 
the HCl and Et,0 molecules. The Raman spectrum of concentrated solutions 
of hydrogen chloride shows no strong HCl lines, which is in contrast with 
results for solutions in chloroform.” 

Measurements of the dielectric constant of liquid hydrogen chloride are 
available only over a narrow temperature range near the freezing point. The 
values given in Table XIII were determined at a frequency of 3000 kilocycles®* 


TABLE XII.- DIELECTRIC CONSTANT OF LIQUID HYDROGEN CHLORIDE 


7K, 
10-643 10-536 10-298} 10.202 


The dielectric constant decreases regularly with rising temperature; extra- 
polation to 183°K. confirms an early single value, € = 8-85, for that temperature 
quoted by Mellor (II,180). The following values have been obtained at lower 
frequencies and 161%.:*? 


Frequency (Ke) 60 20 0-3 
€ 13-08 13615 14-05 


Although the absolute values for the dielectric constant of solids may be 
in some doubt owing to the possibility of spaces between crystals, they are of 
value in a relative sense; changes in the molecular rotation and dipole 
Orientation at the solid transition point give rise to sharp changes in the 
dielectric constant of solid hydrogen chloride. The change in dielectric 
constant of the solid with temperature is shown in Fig. 1. The measured 
value of € varies widely with the frequency, particularly above the transition 
temperature, but at any frequency there is a sharp isothermal change in di- 
electric constant at the transition temperature. 


IONIZATION POTENTIAL 


The ionization potential of hydrogen chloride gas has been given as 
13-2v.,°* 13-3v.,9*** 12-9v.87 Experiments in which gaseous hydrogen 
chloride was ionized under impact of electrons from a heated tungsten filament 
have shown that this ionization potential is not a measure of the energy re- 
quired to split the molecule into a hydrogen ion and a chloride ion; results 
show that electron impacts ionize the gas by the process HCl — (HCl)t +e, 
and that the process HCl — H* + Cl” does not occur.** Using the mass 
spectrograph, the following ions have been identified in the system: Ht, 
(ici)*, Gaci**,..ci*,.c12t, cit, Gl*t,-Gl®* -and.Cir.... Table XIV shows the 
minimum values of the energy required to produce some of these ions.*’ 

In the presence of traces of moisture in the experimental tube, the ions 
Hee Cl.’ and (H,0)* were also observed; Cl,* was observed only at high 
pressures and is thought to be a secondary product. 

HYDROGEN CHLORIDE IN NON-AQUEOUS SOLVENTS 


Table XV gives the solubilities of hydrogen chloride in some hydrocarbons 


30 Refs. p. 427 


422 HYDROGEN CHLORIDE 1, 


aN 
Me 
ie 03 to 60 ke. 
Te 


Xmen 


3000 ke. 
mS 


e* e 


Melting 
Point 


Dielectric Constant ¢€ 


Transition 
Point 


80 100 120 140 160 180 200 
Temperature °K. 


Fig. 1. RELATION BETWEEN TEMPERATURE AND DIELECTRIC CONSTANT OF 
SOLID HYDROGEN CHLORIDE 


TABLE XIV.- MINIMUM VALUES OF ENERGY REQUIRED FOR IONIZATION 


Appearance 
)Potential (volts)|ia Tobebhe proce ss 


HOl sh Cl 
HCl — (Hcl)* 
HCle ae (ie tee 


HC] > Ha cL 


HCl SoH eer. 


and halogenated hydrocarbons. Two methods of analysis have been used: 
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(1) the dry gas was bubbled through the solvent until this was saturated; the 
hydrogen chloride was then displaced from solution by a stream of carbon 
dioxide-free air, and absorbed in water;** (2) hydrogen chloride was brought 
into contact with the solvent in a gas burette, and the solubility determined 
from the volume change.* 


TABLE XV.- SOLUBILITY (V.= MOL. FRACTION HCl AT 20° AND 760 MM.) 
OF HYDROGEN CHLORIDE IN HYDROCARBONS 
AND HALOGHENATED EBEYDROCARBONS 


Solvent 


Solvent 


Hexane 0.0197 || Chloroform 0.0444 
Octane 0.0296 || Bromobenzene 0.0305 
Dodecane 0.0314 || Chlorobenzene 0-0315 
Cetane 0-0270 || Benzyl chloride 0-0448 
cycloHexane 0.0154 |} Benzotrichloride 0-0275 
Carbon tetrachloride] 0-0181 || sym.-Tetrabromoethane | 0-0236 

0-0155 || sym.-Tetrachloroethane | 0-0265 
Benzene 0.0425 0.0274 
Toluene 0-0507 |} Ethyl bromide 0-1019 
Tetrachloroethylene | 0-0163 || Ethylene dichloride 0.0457 
Trichloroethylene 0-0206 0.0399 
Pentachloroethane 0.0214 || Ethylene dibromide 0.0344 


0.0225 li Trichloroethane 0.0310 
0.0306 


0-0348 


Bromoform 
Ethyl bromide 


The solubilities in oxygen-containing solvents are usually higher, and 
values for a range of such solvents are given in Table XVI.?%* 


TABLE XVI.- SOLUBILITY (N = MOL. FRACTION HCl AT 1 ATM.) 
OF HYDROGEN CHLORIDE IN SOLVENTS CONTAINING OXYGEN 


Solvent eee ae | Solvent GG: | 
Anisole 20 Diphenyl ether 25 0.0494 
30 30 0.0442 


40 @B'-Dichloroethyl ether} 20 | 0-149 
Phenetole 10 30 0-122 
20 40 0.093 
25 m-Nitrotoluene 25 | 0-0768 
n-Butyl phenyl ether 20 35 0.0614 
20 


The solubility of hydrogen chloride in methyl and ethyl alcohols and in 
diethyl ether is much greater; the following values of the mol. fraction, N, 
are recalculated from data previously recorded (Mellor, II, 197). 


Temperature °C. -10 0 10 20 30 

Methyl alcohol 0-513 0-480 = 0-437 . 0+398 
Ethyl alcohol ~ 0-512 0:484 0-467 0-437 
Diethyl ether 0-549 0-529 0-470 0-402 0+328 


In each case compound formation is responsible for these high values. 
Methyl alcohol forms the compound HCl,MeOH®”** (f.p. -65°), and dimethyl 
ether forms the two compounds HCl,Me,O0 (f.p. -97°) and 4HC1,Me,0 (f.p. 
-103%,92°4 The existence of compounds with acetone and diethyl ether is 
shown by the liquidus curves for these systems (Fig. 2).°5 In addition to the 
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Fig. 2, LIQUIDUS CURVES FOR MIXTURES OF HYDROGEN CHLORIDE 
WITH (A) ACETONE (B) DIETHYLETHER 


compounds shown in the figure, it has been suggested that the compound 
SHCI,2COMe, is also formed with acetone, and the compounds HCI1,Et,O and 
5HCI1,Et,O with diethyl ether.°° The more rapid decrease in the solubility in 
ether reflects the lower stability of this complex compared with that formed 
with the alcohols. | 

Measurements of the partial pressure of hydrogen chloride over its solu- 
tions in the non-aqueous solvents shown in Table XVII have confirmed that 
Henry’s Law is obeyed, although the solutions show some departure from 


Raoult’s Law. The table gives the Henry’s Law constant K (atm./mol./1000 
g. solvent) for a range of liquids at 25° 


TABLE XVII.- HENRY’S LAW CONSTANTS FOR HYDROGEN CHLORIDE 
IN NON-AQUEOUS SOLVENTS 


Solvent Molal: concentration K Deviation from | Refer- 
. . range studied (m) Raoult’s Law | ences 


Benzene 0-014=0.273 97,104 
Nitrobenzene 0-030 -0-338 103 
Acetic acid 0-030 —0.34 97 
o-Nitrotoluene 0-023 =0.259 98 
m-Nitrotoluene — 0.012-0-139 98 
Hexane ¥ 0-004—0-02 . 98 
Toluene 0-015~-0-137 99 
Fluorobenzene 0-021-0.121 100 
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TABLE XVII (continued) 


Ssivent | Molal concentration Deviation from | Refer- 
range studied (m) Raoult’s Law ences 


Chlorobenzene 0-008-0- 103 100 


Bromobenzene 0-0 13~0-069 100 

Iodobenzene 0-006—0-040. 100 

BB'-Dichloro- 0-009 ~0-571 90 
ethyl ether 


Henry’s Law (in the usual form p = Km) is not obeyed by solutions of hydrogen 
chloride in ethylene glycol.” When partial pressures for this solution are 
employed in the equation p* = K’ym (y = activity coefficient) used for aqueous 
solutions, K' has the value 0-02, The following values illustrate the varia- 
tion of K with temperature. 


20° 3027 41-40° 


Nitrobenzene?” 19598 2.08 1.251 
Chlorobenzene’™* - 4:65 571 
Benzene’™ ~ 2°33 2-91 
BB'-Dichloroethyl ether” 0-82 1:03 1-40 
Anisole®® 0:97 1-21 1-54 


The variation of mol. fraction solubility of hydrogen chloride (N) with 
temperature is expressed as log,V = AH/2-303RT + AS/2-303R. This has 
been used to determine the heat of solution (-AH g.-cal.) and the entropy of 
solution (-AS g.-cal./deg.). Values which have been established are recorded 
in Table XVIII. . 


TABLE XVIH.- HEAT AND ENTROPY OF SOLUTION OF HYDROGEN CHLORIDE 


Carbon tetrachloride - Pentachloroethane 
Diethyl ether 
Benzene 

Chloroform Bromobenzene 


Ethylene dichloride Chloroben zene 
Ethylene dibromide Nitrobenzene 
sym.-Tetrachloro- BB'-Dichloroethyl 
ethane ether 
Trichloroethane Anisole 


The entropy values obtained from heats of solution have been correlated 
closely with infra-red absorption data. The thermodynamic and spectroscopic 
properties are related by the equation 


AS = 10-0Ap - 21-1 


where Ap represents the shift in the wave length of the 3°46u absorption peak 
for gaseous hydrogen chloride on solution in the solvent.’” In Table XIX the 
values of -AS determined thermodynamically are compared with values derived, 
using the above equation, from the shift in the infra-red absorption band.” 


ELECTRICAL CONDUCTIVITY 


The specific ‘conductivity of liquid hydrogen chloride at ~85° is Bey ox 10°" 
ohm cm."! The temperature coefficient is -6:5 x 10°" ohm''/degree.” 
The conductivity of solutions of hydrogen chloride in non-aqueous solvents is 
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TABLE XIX.- ENTROPY OF SOLUTION OF HYDROGEN CHLORIDE | 
DETERMINED FROM THERMODYNAMIC AND SPECTROSCOPIC DATA 


Solvent 


Phenetole 


n-Butyl phenyl ether 
Diphenyl ether 
m-«Nitrotoluene 


largely determined by tire extent to plied the solvent waleeute can serve asa 
proton acceptor;'®® the dielectric constant of the medium has a much smaller 
effect. Table XX illustrates the range of conductivities observed at 25° 


TABLE XX.- CONDUCTIVITY OF SOLUTIONS OF HYDROGEN CHLORIDE 
IN NON-AQUEOUS SOLVENTS 


Solvent . Equivalent Dilution (litres 
Conductivity containing 
1 g.-equiv.) 


Methyl alcohol 196°7 107,108,109 | 
Ethyl alcohol 8407 107,108 
n-Propyl alcohol 46°6 : 110 
n-Butyl alcohol 284 111 
tsoButyl alcohol 12-07 112 
isoAmyl alcohol | 2-15 (minimum) 113 
Formic acid 75:0 114 
Acetic acid 0-0925 : £15 
Nitromethane 0-233 116 
Nitrobenzene 0-061 116 
Diethyl ether 0-00053 | i 
(minimum) 


As is usual in media of low dielectric constant, the conductivity passes 
through a minimum with increasing dilution. It is this minimum which is» 
quoted above for isoamyl alcohol and diethyl ether. The specific conduc- 
tivity of solutions in benzene, cyclohexene, cyclohexane and carbon tetra- 
chloride is less than 7 x 107** ohm™*.*** The conductivity is increased by the 
addition of traces of water, particularly in the case of liquids of high dielec- 
rtic constant.’*%**%*19 Transport measurements on solutions of hydrogen 
chloride in anhydrous ethyl alcohol give a value of 0-71 for the hydrogen ion,*”° 
Some conductivity measurements on solutions of hydrogen chloride in fused 
salts (e.g. antimony chloride) have also been made.’ 


SOLID HYDROGEN CHLORIDE 


Crystallographic studies have shown that solid hydrogen chloride has a 
molecular lattice. In accord with Pauling’s theory of free rotation of mole- 
cules in crystals,*”? there is a clearly defined temperature above which the © 
molecules rotate, and below which they only oscillate. In hydrogen chloride 
this results in dimorphism. At the transition temperature there is a sharp 
change in many of the physical properties of the solid. Those properties 
peculiar to solid transition will be discussed here; other changes have been 
treated under the appropriate physical property. . 

Heat capacity measurements give the transition temperature as 98-36°K.,*° 
and 98-75°K.*® Measurements of the change in dielectric constant of the 
solid support the former value.** The corresponding transition temperature 


Refs. p. 427 


15 PHYSICAL PROPERTIES 427 


for solid deuterium chloride is 105-03°K.*? Calorimetric measurements of the 
heat of transition give values of 284-3°5 and 293.8°° ¢.-cal./mol.; that for 
deuterium chloride is 320-1 g.-cal./mol.*” 

The crystal form which is stable above the transition point is cubic face- 
centred; the volume of the unit cell, measured at 100°K., is 162-8 x 10° c.c., 
corresponding to an axis of 5-46 A.,*** in agreement with an earlier determina- 
tion of 5-50 + 0-05 A.* Below the transition temperature an orthorhombic 
face-centred form is stable. Its space group is V’ or V}#} [D? - F,,, or D33,- 
F' mm! The lattice constants (measured at 100°.) are a = 5:03, b = 5-35 
and c = 5-71 A.; the unit cell contains four molecules and has a volume of 
154-7 x 10° c.c.* Both the above crystal forms are white. Under certain 
conditions of cooling it is possible to obtain a pink form also,‘”* and the pink 
colour has been attributed to an unstable crystalline form of hydrogen chlo- 
ride.** In these experiments the pink colour was observed only when conden- 
sation took place in a vacuum at the temperature of liquid air, the crystalline 
product being white when condensed in a bulb containing air. When the 
temperature of the pink solid was allowed to rise, the colour disappeared 
abruptly, and subsequent cooling did not restore it. These observations were 
independent of the method of preparation of the hydrogen chloride. The 
existence of a pink form of the solid has been refuted, the colour being at- 
tributed to the presence of traces of nitric oxide, which gives a coloured 
addition compound with hydrogen chloride.*** The observation of the pink 
colour has, however, been reaffirmed in solid hydrogen chloride the purity of 
which was established by mass spectrographic analysis, and the colour is 
attributed to imperfections in the crystal lattice. Earlier work was confirmed 
by the observation that the appearance of the red form was dependent upon 
the rate of freezing (being obtained only on rapid freezing), and although the 
pink colour could be obtained in the complete absence of impurities, the ad- 
dition of as little as 10°* to 10°° mol. fraction of nitric oxide intensified the 
ColOuban 
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THE PHYSICAL PROPERTIES OF HYDROCHLORIC ACID 
SOLUBILITY AND SPECIFIC GRAVITY 


Measurements of the solubility of hydrogen chloride additional to those 
previously given (Mellor,II,182) have been concerned with solution in various 
acids and acid-water mixtures (e.g. sulphuric and acetic acid) over a range of 
temperatures.*° The influence of hydrochloric acid on the solubility in water 
of metal chlorides,®® silica,‘® sodium fluosilicate** and hydrogen sulphide’? 
has also been measured. Extensive details of the density of aqueous solutions 
of hydrochloric acid over wide ranges of temperature and concentration are 
given in International Critical Tables (Vol. III).** These values have been 
confirmed for dilute solutions and low temperatures, but it is believed that 
they are in error for higher temperatures and acid concentrations, and new 
values have been determined.** The equation b= 6° + KVM, where ¢@ is the 
apparent partial molal volume and ¢° is the partial molal volume at infinite 
dilution, is found to hold for hydrochloric acid;**** the empirical constant K 
is much smaller than for other uni-univalent electrolytes.** 


VISCOSITY AND COMPRESSIBILITY 


The viscosity 7 of many electrolyte solutions (including hydrochloric acid) 
is related to the concentration C (mols./litre) by the formula:- 


1 
(7 - 19 = Ky + K,C2 + K,G, 


where 7, is the viscosity of water. Measurements at 25° over the concentra- 
tion range 0-02 to 1:4 M-hydrochloric acid give values for the constants Kg, 
K, and K, of 30, 620 and 8 respectively (each x 10°). *© The viscosities of 
aqueous solutions of hydrochloric acid containing sodium nitrate’’ and ethyl 
and methyl alcohols have also been determined.** 

Careful measurements of the compressibility coefficient, 6, of iydeeechPsnte 
acid at 25°, using a piezometer, have given the values’® in Table XXI. 


TABLE XXL- COMPRESSIBILITY COEFFICIENT OF HYDROCHLORIC ACID 
Molar Concn. | Density | 108(atm."}) 
1.00704 


1-01623 
1-03370 


The values were determined between 100 and 300 megabars, and are to be 
compared with the value (6,) 42:53 x 107° for pure water. There is a linear 
relationship between the apparent molal compressibility (GV - 8,V,) and the 
square root of the concentration; V is the volume of solution containing 1 
mol. of solute, and V, is the volume of water in which 1 mol. of solute is 
dissolved. An earlier determination at 18° gave similar values for 8.7° The 
velocity of sound in the solution, as a function of hydrochloric acid concen- 
tration, passes through a maximum at about 2M-HCl. The velocity at 22- 
29°C., measured by means of a supersonic interferometer at a frequency of 
0-5 megacycles per second, is 1550 m. per sec.** A velocity of 1554 m. per 
sec. has been observed at 25° at a frequency of 2°75 megacycles per sec.” 
The compressibility has been determined from the velocity of sound, and is 
related to the concentration of hydrochloric acid by the expression:- 


B=Bo- KC EEGS 


where C is the molar concentration and K, and K, have the values 5-2 and 
1-75 respectively.” 
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DISTRIBUTION BETWEEN WATER AND OTHER LIQUIDS 


The distribution of hydrogen chloride between water and benzene. and 
between water and nitrobenzene, has been studied in attempts to determine the 
nature of the hydrogen chloride in these solvents.??7% The behaviour of 
hydrogen chloride in such systems depends upon its capacity to combine with 
the solvent and not on the dielectric constant of the solvent. Thus in water 
hydrogen chloride is solvated, whereas in benzene and nitrobenzene it behaves 
as a normal undissociated solute. This is illustrated by the results? with 
benzene at 25° which are quoted in Table XXII. 


TABLE XXII. - DISTRIBUTION OF HYDROGEN CHLORIDE BETWEEN 
WATER AND BENZENE 


9-603 | 0-00213 
10-215 | 0-00340 


10-508 | 0-00423 
11-43 0-00768 
11-99 0-0110 
12-93 0-0216 


The concentrations C,, and Cp are in g. mols. per 1000 g. of solvent, and 
Puc) is the partial pressure of hydrogen chloride over the aqueous solution. 
This partial pressure is nearly proportional to the concentration in the benzene 
layer (column 4), so that the behaviour of hydrogen chloride in benzene is 
quite normal. Table XXIII gives measurements of the distribution of hydrogen 
chloride between water and nitrobenzene. 


TABLE XXIII.- DISTRIBUTION OF HYDROGEN CHLORIDE BETWEEN 
WATER AND NITROBENZENE 


eC Ns 9.635 | 11147 | 13-84 | 1484 | 16-46 | 18.05 
Cnitrobenzene | 0-0027 | 0.0080 | 0.0396| 0.0707 | 0.164] 0.335 


Measurements have been made of the distribution between water and a number 
of other liquids, for example methyl ethyl ketone, n-amyl and n-butyl alcohols, 
‘sec.-butyl alcohol and tert.-amyl alcohol”® and phenol;*” the change in the 
miscibility limits of isoamyl alcohol-water mixtures with variation in hydrogen 
chloride concentration has also been determined.” 


DIFFUSION COEFFICIENTS 


Diffusion coefficients for hydrogen chloride in aqueous solution have been 
determined from measurements of the rate of diffusion from one solution into a 
second, more dilute, solution through a porous (sintered glass) diaphragm. 
The simple law of diffusion of electrolytes was first derived by Nernst;” 
both positive and negative ions diffuse with the same velocity. It has been 
recognized that the diffusion coefficient D as defined by Fick’s equation dw 


= -D, de. dt (where dw is the quantity of electrolyte diffusing across 1 cm.” in 
% 


time dt under a concentration gradient dc/dx) is dependent to some extent upon 
the concentration of the electrolyte. It is necessary to distinguish between 
the apparent or integral diffusion coefficient D,, and the true or differential 
coefficient D. D, is computed from an observed amount of solute diffusing 
per unit time from a higher concentration C, into a lower concentration C,. 


This is related to D by the equation D,(C,-C,) = soe Ddel for small values of 
2 


Refs. p. 448 


432 HYDROCHLORIC ACID 15-2 


C,-C,, D is a linear function of concentration, so that D = D, for a concentra- 
tion (C, + C,)/2.°°%? Table XXIV shows the variation in the differential dif- 
fusion coefficient D (cm.?/sec.) with concentration and temperature. C is the 
mean of the two concentrations employed (mols. HCI/litre) which differed by 
about 0-1 mol./litre.°°* 


TABLE XXIV.- DIFFUSION COEFFICIENTS OF HYDROCHLORIC 
: ACID IN WATER 


| Differential Diffusion Coefficient D x 10° 


At each temperature the diffusion coefficient passes through a minimum at 
a concentration about 0+1 mol. HCl/litre. Hydrogen chloride has been used 
as diffusing solute in a number of studies concerned primarily with the develop- 
ment of diffusion techniques, and various values of D at selected temperatures 


; 5 fee 
and concentrations have been quoted.***” The tangent to the log D - = curve 


gives the activation energy of diffusion. Up to 0+2 molar hydrochloric acid, 
the energy is independent of acid concentration, being 4:4, 4-0 and 3-8 kg.-cal. 
for the temperature ranges 10-15°, 15=25° and 25-35° respectively. At 
higher concentrations the activation energy is dependent upon concentration; 
for the 15-25° temperature range the activation energies are 4-2, 4:4, 4-7 and 
5-0 kg.-cal. for concentrations of 0-35, 0-50, 0-75 and 1-0 mols./litre res- 
pectively.** The rate of diffusion of ions through the gel structure has been 
proposed as the rate-determining step for anion exchange in ion-exchange 
resins; the energy of activation of the exchange reaction with hydrochloric 
acid is 6-6 kg.-cal.** 

The diffusion coefficient is lower in alcohol-water mixtures than in water:*° 
the values in Table XXV show the influence of ethyl alcohol concentration at 
Zoe 


TABLE XXV.- DIFFUSION COEFFICIENTS OF HYDROCHLORIC ACID 
IN ETHYL ALCOHOL=WATER MIXTURES 


EtOH (wt. %) 0 19 41 62°5 71 | 89 100 
0-81 0-72 0-71 0-68 


D x 10° cm.?/sec. | 3-14 1.74. 1.07 
THERMAL. DIFFUSION 


_ The existence of a temperature gradient in aqueous solutions of hydro- 
chloric acid quickly produces a concentration gradient.*° Thermal diffusion 
has been studied by placing hydrochloric acid in the annulus between two 
concentric glass tubes, with reservoirs at top and bottom. The annulus used 
was approximately 94 cm. in length, and 0-15 cm. wide. The outer tube was 
maintained at 25°, and the inner tube at 76° by the use of boiling carbon tetra- 
chloride. Under these conditions a stationary state is reached within 3 hours 
with hydrochloric acid; the equilibration period is even shorter for many other 
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solutes, e.g. sulphuric acid and sodium chloride.** Table XXVI gives separa- 


tion Ee for solutions of hydrochloric acid, alone and also containing other 
solutes. 


TABLE XXVI.- THERMAL DIFFUSION SEPARATION RATIOS FOR 
HYDROCHLORIC ACID SOLUTIONS 


Separation Ratio | 
after 1 hour 


Solute 


1N-HCl 


0-5N-HCl + 
0-5N-H,SO, 


0-5N-HCl + 
0-5N-Nacl 


0-5N-HCl + 
0-5N-NH,Cl 


The separation ratio is the concentration in the bottom reservoir divided by 
the concentration in the top reservoir. Using mixed solutes, it is found that 
the separation ratios of the components may be related to one another in any 
one of four ways: (1) they may be independent of one another, (2) they may 
both increase, (3) they may both decrease, or (4) one may increase and the 
other decrease. Solutions containing hydrochloric acid usually fall into 
category (1) (e.g. HCI-H,SO, solutions) or (4) (e.g. HCl-NaCl or HCI-NH,Cl 
solutions).** The thermal diffusion of electrolytes in mixed solutions has 
been related quantitatively to ionic mobilities, with good agreement between 
theory and experiment.** In a solution containing solutes AX and BX, then:- 


Races , Ebx(Up + UxNRae - Rpx) ee! 
2 ie Cax(ta + ux) a Cry Ub + ux) Ux 
where R,, Ra, and R,, are the separation ratios of ion A and the compounds 
AX and BX respectively, u is the mobility of the ion indicated by the suffix 
and C is the concentration. The ‘negative effect’, whereby the separation of 
certain electrolytes decreases in hydrochloric acid solutions (Table XXVI), is 
also predicted by the above equation, and is attributed to a kind of diffusion 
potential resulting from the difference in diffusion velocity between the 
ions.*5*® The velocity of thermal diffusion in hydrochloric acid solutions is 
reduced to a half, or even less, by the addition of ethyl alcohol to the solu- 
tion. *” 


BOILING POINT 


Since the use of constant-boiling hydrochloric acid for analytical purposes 
was first suggested in 1909,** its use as a standard has increased widely, 
and the physical properties (particularly the composition) of the constant- 
boiling mixture have been determined with great accuracy. The rate of dis- 
tillation influences the composition to some extent, and suitable experimental 
conditions for achieving the true mixture have been described.*”** : The rate 
of approach to equilibrium during distillation has been measured;* starting 
with weak acid, equilibrium is attained more slowly than when starting with 
very strong acid. Physical properties of the constant boiling mixtures are 
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given in Table XXVII for a wide range of pressures.***” 


TABLE XXVII. - PHYSICAL PROPERTIES AND COMPOSITION OF 
CONSTANT BOILING HYDROCHLORIC ACID 


Taare Point | pensity/25° | wt.-% HCl 


48-724 


Pressure 
- (mm. Hg) 


1-1118 23°42 
81-205 1.1042 21°883 
92-080 1-10 10 21235 
97-578 10993 20-916 
102+ 209 1-0980 20+ 638 
106-424 1-0966 20-360 
108-584 1-0959 20+ 222 
110-007 1-:0955 20°155 
116-185 1-0933 19-734 
122°98 1-0915 19-358 


These values (particularly the values at 760 mm.) have been confirmed, ***? 


and are accepted as being highly accurate. For analytical purposes, the 
variation in the composition of the constant boiling mixture has been studied 
over a narrow range of pressures near atmospheric pressure, and the results 
are given in Table XXVIII.°° 


TABLE XXVIIL- COMPOSITION OF CONSTANT BOILING 
HYDROCHLORIC ACID 


740 
20+ 269 | 


Pressure (mm. Hg) 
Wt.-% HCl 


730 
20+ 293 


760 
20+ 221 


780 
20-173 


As would be expected, these solutions are very stable; samples of con- 
stant-boiling hydrochloric acid prepared by distillation have been found, after 
storage for more than three years, to differ in composition by less than 0-1% 
from freshly prepared samples.*” Whether the addition of a third component 
influences the maximum boiling point and the corresponding composition 
depends upon the nature of the compounds formed in solution.® Thus, an 
addition of ammonium chloride or lithium chloride does not alter the maximum 
boiling point but lowers the concentration of hydrochloric acid at which the 
maximum boiling point occurs. Both zinc chloride and ferric chloride form 
addition compounds with hydrogen chloride, and these salts lower the maximum 
boiling point and the hydrochloric acid concentration. On the other hand, 
added sulphuric acid raises the maximum boiling point and also increases 
slightly the corresponding hydrochloric acid concentration. 


VAPOUR PRESSURE 


The values for the partial pressure of hydrogen chloride over its aqueous 
solutions previously given (Mellor,II,189) were obtained by passing air over 
the surface of hydrochloric acid in saturators, and determining the amount of 
hydrogen chloride in the saturated air. By this method it was not possible to 
make accurate determinations for hydrochloric acid solutions below 3 molar 
because of the minute quantities of hydrogen chloride contained in the vapour 
phase. Using the method of distillation under reduced pressure, however, it 
has been possible to collect larger quantities of the vapour phase and thus to 
extend the measurements to concentrations as low as 0-3 molar. In obtaining 
the values given in Table XXIX, the distillate was analysed by measurement 
of its conductivity.” 
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TABLE XXIX.- VAPOUR PRESSURE OF HYDROCHLORIC ACID AT 
LOW CONCENTRATIONS (25°) 


Molar concn. 


Where the concentration ranges overlap (3-5=5+3 M.) these values are about 
15% higher than those previously reported. At higher temperatures the partial 
pressures are still almost negligible; for example, at 50° pyq for a 466M. 
solution does not exceed 1 mm.°®* Other values have been obtained which, 
though differing a little from those in Table XXIX, confirm the very small 
partial pressure of hydrogen chloride in dilute solutions.“*®* At high con- 


centrations, however, the partial pressure is considerable. Table XXX shows 
some selected values.°’ 


TABLE XXX.- VAPOUR PRESSURE OF HYDROCHLORIC ACID AT 
HIGH CONCENTRATIONS (25°) 


Molar concn. 
of HCl 


13:65 | 1641 | 20-27] 21-05 


12:90 | 166-0 27293 


The change in vapour pressure with concentration reflects the change in 
the state of hydrogen chloride in aqueous solution. In dilute solutions, 
ionization is complete; the hydrogen chloride is present as the hydrated ions, 
and the infra-red absorption bands characteristic of the HCl molecule are 
absent.®* In very concentrated solutions, the large partial pressures indicate 
that much of the hydrogen chloride is present in the form of undissociated HCl 
molecules, 

Partial pressure measurements on concentrated hydrochloric acid solutions 
containing added salts have been applied tothe study of compound formation 
in those solutions.®* The addition of cuprous chloride lowers the partial 
pressure, and comparison with solutions of pure hydrochloric acid having the 
same partial pressure shows that the compound HCl,2CuCl is present in 
solution. Ammonium chloride increases the solubility of hydrogen chloride, 
and lowers the partial pressure. But when both cuprous chloride and ammo- 
nium chloride are added, in 1:2 molecular ratio, to concentrated hydrochloric 
acid, a compound, 2NH,Cl,CuCl, is formed which does not influence the 
behaviour of hydrogen chloride, and the partial pressures are identical with 
those for pure hydrochloric acid of the same concentration. Titanium tetra- 
chloride, lithium chloride, stannous chloride and stannic chloride increase the 
partial pressure. The influence of added cupric chloride on the partial pres- 
sure of hydrochloric acid varies with the concentration of the salt. In solu- 
tions containing 2 mols. CuCl, per 100 mols. of water, the partial pressure is 
not altered; at lower cupric chloride concentrations the partial pressure is 
decreased, and at higher concentrations it is increased. 


Partial pressure 
of HCl (mm. Hg) 


THERMODYNAMIC PROPERTIES 
HEAT OF SOLUTION 


The heat of solution of hydrogen chloride in water has been determined 
over the temperature range 3-6 to 62-3°% At 215°, and over the concentration 
range m = 0-006 to 1 (where m = mols. of hydrogen chloride per 1000 g. of 


Refs. p. 448 


436 HYDROCHLORIC ACID. 158Z, 


water) the, Heat of solution Q has been represented by the formula QO, = 17+77 
~ 0:4515m%,° Later determinations carried out at 21°7°and 19°7 have given 
values not quite in agreement with the above formula, since the heat of solu- 
tion when plotted against m* passes through a flat maximum and then shows a 
slight fall (see Table XXXI below). These results give a value of 17-45 to 
17-50 kg.-cal. per mol. for the heat of solution at infinite dilution and at 21°, 
compared with an earlier determination of 17-88 kg.-cal. per mol. at 25°. be 


TABLE i oma HEAT OF SOLUTION OF HYDROGEN CHLORIDE IN WATER 


0-0949 0-00564 
0-0835 0-00460 
0-0631 : 0-00 257 


0-0337 qs 0-00204 
0-0 1613 . 0.00113 
0-0121 | 0-000783 
0.0058 0-000427 
0.000215 


Heats of solution in methyl alcohol-water mixtures have also been mea- 
sured, and are given in Table XXXII.” 


TABLE XXXIT.- HEAT OF SOLUTION OF HYDROGEN CHLORIDE IN 
METHYL ALCOHOL AND METHYL ALCOHOL©“WATER MIXTURES 


Wt. % CH,OH 
Heat of solution 
at 25°(kg.-cal./mol.) 


The heat evolved passes through a minimum at about 15% methyl alcohol, 
an effect also observed for solutions of the chlorides of sodium, potassium, 
rubidium and caesium. 


HEAT OF DILUTION 


son values for the integral heats of dilution of hydrogen chloride in water 
are given in Table XXXIII,” where N is the ratio of mols. of water to mols. of 
hydrogen chloride present. 


TABLE XXXIII.- HEATS OF DILUTION OF HYDROCHLORIC ACID 


o. | Heat of dilution 
* | (kg.-cal./mol.) 


10-058 200 


10-184 200 
10-309 200 
3-213 3+223 


Much of the heat change on dilution results from changes in ionic hydration. 
Measurements over the 20°- 70° temperature range have shown that the heat of 
dilution-concentration curve is little influenced by temperature.”* The rela- 
tion between heat of dilution and temperature is almost linear for concentra- 
tions up to 15 wt.-%, but at higher concentrations (25%) a minimum appears in 
the curve at about 60°. Data on heat of dilution have been used extensively 
in the determination of.the apparent and partial relative molal heat contents of 
both solute and solvent in hydrochloric acid solutions at 25°. The apparent 
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relative molal heat content of hydrochloric acid (Dy - ®f) is given by the 
expression :- 
Oy “3 02 at 1997m” 

1 + 1-123m” 
for concentrations up to m”% = 1+2-(m = mols. HCl per 1000 g. H,O).”°7* For 
the temperature range 18=25°, assuming ®§ = +32+5, the simpler relation 
®y - Of = Am” may be applied, where A = 7+2. The partial mola] heat 
capacity of solute_and solvent are thus linear functions of m“% and mh tes- 


pectively.”** If Cp, and Cp, are the partial molal heat capacities of hydro- 
chloric acid and water respectively, then:- 


747m 


Ane 


Bo Pla UBig apt RNID 1 etal edn — 
p2 p2 2 m ? an Pi P1 2 (55,508) 
SPECIFIC HEAT 


The values given in Table XXXIV were determined using an adiabatic 
twin calorimeter.*° 


TABLE XXXIV.- SPECIFIC HEAT OF HYDROCHLORIC ACID SOLUTIONS (25°) 


Molar Concn. 


0-0100 0.99950 0-1629 0-98966 


0-0400 0-99764 0-2552 0-98420 
0-0626 0-99614 0-8100 0-95182 
0-0900 0-99426 2°0112 0-89019 


These values agree well with separate determinations at 18° and a some- 
what higher concentration range;** other values which have been reported are 
appreciably lower. *”** 


HEAT OF NEUTRALIZATION 


Calculated values for the heat of neutralization of hydrochloric acid by 
sodium hydroxide™ are in good agreement with previous values determined 
calorimetrically;*°** at infinite dilution the heat of neutralization is 13,650 
g.-cal./mol. Other values are given in Table XXXV.°° 


TABLE XXXV.- HEAT OF NEUTRALIZATION OF HYDROCHLORIC ACID 
BY STRONG BASES 


| Heat of neutralization for | Temperature coefficient 
HCl, 100 H,O at 20° (g.-cal.) (g.-cal./degree) 


LiOH, 100 H,O 


NaOH, 100 H,O 
KOH, 100 H,O 


The heat of neutralization of hydrogen chloride by sodium methoxide in 
methyl alcohol solution falls, with increasing dilution, to a greater extent than 
in water;®’ the limiting value of 11,200 g.-cal. is identical with that obtained 

for the heat of neutralization of hydrogen chloride by sodium ethoxide in ethyl 
~ alcohol solution.®® The heat of neutralization of hydrogen chloride by two. 
weak bases is given in Table XXXVI. 


MOLAL VOLUME 


A linear relation, $ = $y) + km”, exists between the apparent partial molal 
volume of hydrochloric acid (#) and the square root of the molal concentration 
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TABLE XXXVI.- HEAT OF NEUTRALIZATION (g.-cal./mol.) OF HYDROGEN 
CHLORIDE BY WEAK BASES IN VARIOUS MEDIA 


In Methyl | In Ethyl 
Alcohol | Alcohol 
Ammonia | 12,300°7 | 17,630°7 

Aniline 7,50087 9,930°7 


(m). Using this relation, the molal volume at infinite dilution (,) has been 
derived by extrapolation of values for 5 to 16 m. solutions;*° the variation 
with temperature t (°C.) is given by the expressions:- 


hy = 16+401 + 0-08571£ - 000090162? 
K = 0-9461 = 0+01066t + 0-0001666:? 


In Table XXXVII, values of the apparent molal volumes of hydroxonium 
chloride at infinite dilution (obtained by adding to the value for hydrogen 
chloride the volume of 1 mol. of water at corresponding temperature) is com- 
pared with the molal volume of two molecules of water.”* 
TABLE XXXVII.- MOLAL VOLUMES OF HYDROXONIUM CHLORIDE 
°C. | d(2 mols. H,O) | $(H,0.Cl) ¢(2 mols. H,O) | ¢(H,0.Cl) 
0 


10 
20 
25 


The apparent molal volume of many electrolyte mixtures containing hydro- 
chloric acid, in aqueous solution, varies linearly with m” as for pure hydro- 
chloric acid, provided the concentration is above 0-03m.°? For aqueous 
solutions containing sodium chloride and hydrochloric acid, the partial molal 
volume of the hydrochloric acid is increased (maintaining constant total 
concentration) by increase in the sodium chloride content, the increase being 
a linear function of the sodium chloride concentration.°* The apparent and 
partial molal volumes of deuterium chloride at higher concentrations differ 
only slightly from corresponding values for hydrogen chloride.” | 


ACTIVITY COEFFICIENTS 


The activity coefficient for hydrochloric acid in water has been determined 
with great accuracy over a wide temperature range. The values have been 
established from cell measurements with?™?* and without?”*°%*™ liquid junc- 
tion, from vapour pressure data*°® and from the depression of the freezing 
point?°°*°? The values given in Table XXXVIII were determined by careful 
measurements of the e.m.f. of the cell H,|HC1 (M)| AgCl|Ag.°%#*0%4% The value 
of yt falls as the temperature increases; at any one temperature the value 
yt passes through a minimum at about 0:5 molar concentration. 

The values at lower concentrations agree well with earlier determinations 
by freezing point measurements.*°° The assumptions made in the calculation 
of activity coefficients at low concentration are not fully applicable when an 
appreciable proportion of the water present is used to solvate the solute ions; 
this accounts for the very high values of y observed at high concentrations. 
The variation in activity coefficient in the presence of another electrolyte, at 
constant total concentration, has been followed using cells of the type 
H,|HX (m,), MX 4 (m,)|AgX=- Ag, where m, + m, is constant. There is a linear 
relation between the logarithm of the mean activity coefficient and the con- 
centration of hydrochloric acid in the presence of lithium, sodium, potassium 
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TABLE XXXVIII.- MEAN ACTIVITY COEFFICIENT (yt) OF 
HYDROCHLORIC ACID IN WATER 


Molar 
concn, 


Mean activity coefficient 


0-9890 


0-9892 0-9879 


0-0005 0-9756 0-9759 0-9734 
0-002 0-9541 09527 0-9491 
0-005 0-9303 0-9294 0-9235 
0-01 0-9065 0-9052 0-8987 
0-05 0+-8346 0-8317 0-8168 
0-1 0+8027 0+'7985 0-7813 
0-5 0-7761 0-7616 0-7237 
10 08419 0+-8162 0-7541 
260 1-078 1-024 0-9072 
30 1-452 1-345 

4-0 2-006 1-812 


2-771 
14-66. 
56-70 


20431 
11-21 
37°76 


e ° 0 ° e e e 
and caesium chlorides’”® and calcium, strontium and barium chlorides’°%!*? at 


total concentrations up to 3 molar. The linear relation has been shown to 
persist up to total concentrations of 6 molar in the case of uni-univalent 
electrolytes;*°* it has been observed to hold also for salts lacking a common 
ion, such as sodium and potassium perchlorates.*°? Similar results have been 
obtained for the variation in activity coefficient of solutions of hydrochloric 
acid containing aluminium chloride,**® cerous chloride,*** perchloric acid and 
sodium dithionate.**? 

Many measurements of the activity coefficient of hydrochloric acid in 
mixtures of water with other liquids have been made. The most extensive 
investigation has been carried out with water-dioxan mixtures, and from 
results in dilute solution the increase in ionic association with decrease in 
dielectric constant has been observed. The results have been considered in 
the light of the Debye-Hiickel Limiting Law, -logyt = Az ,z.u”: where z4 
and z. are the valencies of the ions, u is the ionic strength and A is constant. 
In water alone, the activity coefficients lie above the straight line representing 
this limiting law. As the dielectric constant is decreased by addition of 
dioxan, the activity coefficients approach the limiting law values, and in 70% 
_dioxan the activity coefficient-concentration curves are superimposed for 
hydrochloric acid concentrations below 0-002 M. At higher dioxan concentra- 
tions (82%) the activity coefficient for these dilute solutions of hydrochloric 
acid falls below the Debye-Htickel line. The coefficient has been measured 
over a temperature range 0-50°% at all concentrations it decreases with 
increasing temperature, showing that the relative partial molal heat content 1s 
always positive.!4* Table XXXIX gives values at 25°. 

Activity coefficients of hydrochloric acid have also been determined in 
mixtures of water with methyl,*** 1,11°42° and isopropyl’**® alcohols, gly- 
cerol,!?°"#! acetic acid'?* and acetone,’ and in pure methyl’” and ethyl'"” 
alcohol. The general form of this function is similar to that for aqueous 
solutions. The measurements have been extended to mixed solvents con- 
taining added salts; activity coefficients of hydrochloric acid have been 
determined from 0° to 50° in methyl! alcohol-water mixtures containing sodium 
chloride, maintaining a constant ionic strength of unity. Logyyc, was found 


174 
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TABLE XXXIX.- MEAN ACTIVITY COEFFICIENT OF HYDROCHLORIC 
ACID IN DIOXAN=WATER paedgnl ie AT 25° 


Molar 
concentration 


0-212 
0- 0826 0-0634 


to vary linearly with acid concentration, and the slope a the curves is in- 
dependent of alcohol concentration within the range 10-60 wt.-% of alcohol.*”* 


MAGNETIC SUSCEPTIBILITY 


The specific and molar susceptibilities ef hydrochloric acid are -0+602 x 
10°° and -22-0 x 107° c.g.s. units respectively.*****° It was claimed that the 
mass susceptibility of solutions of hydrochloric acid showed well-defined 
maxima and minima with variation in concentration, occurring in most cases at 
concentrations corresponding to stoicheiometric hydrates.**® Repetition of 
this work, particularly over the concentration range HC1,8H,O to HCl,12H,0, 
where the greatest variations in susceptibility had been found, indicated no 
maxima or minima, a linear relation being observed between acid concentration 
and mass susceptibility of the liquid.*?”*°° It follows from this that the sus- — 
ceptibilities of the solute and solvent are additive. Measurement of the — 
magnetic rotation of plane-polarized ultra-violet light (3441-3632 A.) in 
aqueous solutions of hydrochloric acid has shown that the angle of rotation ~ 
decreases with increasing concentration.*** Using values for the magneto- 
optical rotations for the D line, the molecular rotation for hydrogen chloride in 
water is 3-31 x 107*®, and 2-14 x 10°*° min. sq. cm. for the dissociated and 
undissociated forms respectively.**? 


SURFACE PROPERTIES 


Most inorganic salts increase the surface tension of water, irrespective of 
the valency of the ions involved. However, the hydrogen ion may be selec- 
tively adsorbed, so that some acids, such as hydrochloric and nitric acids, 
lower the “surface ‘tension.!??Ammohinm hydroxide is also among the few 
inorganic compounds which show this property; sodium and potassium 
hydroxides increase the surface tension. The lowering of surface tension by 
hydrochloric acid is small, so that different experimental determinations are 
not in very close agreement. Selected values from available data are given in 
Table XL. 

The values assumed for the surface tension of water at 20° were 72-75 
dynes/cm. (col. 2), and 72-69 dynes/cm. (col. 3) and at 25°, 72-01 dynes/cm. 
(col. 4). These results have been discussed in the light of theories of ion 
adsorption at liquid surfaces.**® On extending the measurements to very low 
concentrations, the surface tension values have been found to pass through a 
maximum, as shown in Table XLI, and at concentrations below 0-3 molar the 
surface tension is slightly greater than that of pure water.**” Since the dif- 
ferences are slight, the tensions are expressed as fractions of the value for 
pure water. 

As the temperature is increased, the extent to which the surface tension 
of hydtochloric acid falls below the water value (-Ay) is diminished. Thus, 
Ay at 0° is five times as large as Ay at 20° At 40°, Ay becomes positive for 
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TABLE XL.- SURFACE TENSION OF HYDROCHLORIC ACID SOLUTIONS 


Lowering of surface tension 


(YH,O 7 Ysoln. ) dynes/cm. 
900134 9900135 950136 


Molar 
concentration 


TABLE XLI.- SURFACE TENSION. OF DILUTE HYDROCHLORIC 
ACID SOLUTIONS (25°) 


Molar concentration | Ysoln./YH,0 


0-00075 0499970 
0.00442 0.99987 
0.0222 0.99998 
0-052 1.00000 
0-1022 1.00034 
0+1559 1.00012 
0.5146 0.99933 


solutions up to 8+5M. concentration, passing through a maximum at about 4M.*** 
In the presence of an added salt, the surface tension is not a mean of the 
values for the separate solutions, and hydrochloric acid lowers the surface 
tension of salt solutions much more than it lowers the tension of water. This 
effect increases with salt concentration, and has been confirmed for a range of 
150,138,139 The magnitude of this effect is illustrated in Table XLII. 


S AT 25° 


salts. 


TABLE XLII.- SURFACE TENSIONS OF HCl + NaCl SOLUTION 


Molar concentration 
HCl 


Little information is available on the interfacial tensions between hydro- 
chloric acid and immiscible liquids. At the hydrochloric acid—benzene inter- 
face, the interfacial tension passes through a maximum value at pH 5. 
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Solutions of hydrochloric acid, even at extreme dilution, have a lower inter- 
facial tension against mercury than has water. This is one of the properties 
influencing the rate at which a drop of the solution spreads on a mercury 
surface." 

Much work has been carried out on the adsorption of hydrochloric acid 
from .aqueous solution to the surface of charcoal. The results of these 
measurements are not recorded here, since the degree of adsorption depends to 
a large extent on the condition of the charcoal. Thus, the adsorption has 
been compared using charcoals from different sources,****** and of differing 
ash content.*** The presence of oxide films produced by preheating the 
charcoal in oxygen at various temperatures and pressures influences the 
adsorption to a marked degree,**°**? as does activation of the charcoal by 
platinum, hydrogen**° and nitrogen.*** The results of these measurements are 
primarily of interest in the study of adsorption mechanisms.*****”’ Adsorption 
isotherms have been derived for hydrochloric acid solutions containing added 
electrolytes;***** measurements of adsorption from solutions in aqueous 
methyl alcohol, ether and acetone show that the presence of these organic 
compounds decreases the adsorption of hydrogen chloride by activated char- 
coal.*®* Adsorption in hydrochloric acid solutions has also been studied 
using silica,*®* hydrated stannic oxide,*®* aluminium oxide gel and ferric oxide 
gel.'e 

Electro-kinetic properties have also been investigated, particularly for 
the glass-hydrochloric acid interface. When the two phases are brought into 
contact, there is set up an electrical double layer which is believed to be in 
two parts. One, the Helmholtz plane parallel double layer, has approximately 
the thickness of a single ion, and is fixed at the solid interface. The other, 
the electrokinetic (or zeta-) potential, is diffuse and extends some distance 
into the liquid, and is thus the potential between the boundary of the fixed 
part of the double layer and a point far in the bulk of the liquid. The zeta- 
potential (€) may be measured from the streaming potential (S) which is set up 
on passing the liquid through a capillary tube; the two are related by the 
equation 477KS = CPD, where P is the driving pressure, D the dielectric 
constant, 7 the viscosity and K the specific conductivity of the liquid. The 
zeta-potential for the glass-water interface is near 0-05 volt. In common 
with many other acids, hydrochloric acid makes this potential more positive. | 
In appreciable concentration (above 2 x 1075 mol./1.) the zeta-potential is near 
0-09 volt and is not greatly influenced by concentration.*°°"°* At high dilution 
the observed values vary with the dimensions of the apparatus used, since 
surface conduction is not then negligible.*°"®’ Zeta-potentials for hydro- 
chloric acid at other solid surfaces have also been derived, for example, from 
measurement of endosmosis rates through diaphragms of powdered carborun- 
dum.** : 


ELECTRICAL CONDUCTIVITY 


The study of the electrochemistry of hydrochloric acid in water, non- 
aqueous solvents and their mixtures is probably more comprehensive than that 
for any other electrolyte. The results have been applied in the evaluation of 
the various constants involved in the application of the Debye-Htickel-Onsager 
theories of solution, and in the study of ionic dissociation and inter-ionic 
attraction.** Much of the work has been concerned with dilute solutions, and 
the most accurate measurements of conductivity have been carried out at 
25° +7172 Some typical data are given in Table XLIII. 

In very dilute solution the A=c relation follows the limiting slope of the 
Onsager equation:- 


Ay = Nem AeBNgy C4 
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TABLE XLUIN,- EQUIVALENT CONDUCTIVITY OF DILUTE SOLUTIONS 
OF HYDROCHLORIC ACID AT 25° 


concn. g. 
equivs./1. 0 0-0005 
A: 426-16 | 422.74 


0-001 0-005 
421-36 | 415-80 


0-01 
412-00 


0-02 0-05 
407-24 | 399.09 


for conductivity in aqueous solutions of 1:1 electrolytes. The constants 4 
and & are temperature-dependent, and vary from A = 29-47, B = 0+2198 at 0° to 
A = 116-98, B = 0-2461 at 60°.* Deviations from this limiting slope occur at 
higher concentrations; the curves show two points of inflexion, which are 
near 0-25 and 3-5M. at 60°, and move to lower concentrations as the tempera- 
ture ts decreased. At the highest concentrations the proton-exchange mecha- 
nism, which is responsible for the high mobility of the hydrogen ion, is in- 
fluenced by proton-chloride ion combination,*” as is indicated in Table XLIV. 


TABLE XLIV.- INFLUENCE OF TEMPERATURE AND CONCENTRATION 
ON THE EQUIVALENT CONDUCTIVITY OF HYDROCHLORIC ACID 


3s | 
(gram equivs. Equivalent conductivity A 
per litre) 


_ The absolute change in conductivity with concentration or with temperature is 
decreased in the most concentrated solutions; temperature coefficients are 
given in Table XLV. 


TABLE XLV.- TEMPERATURE COEFFICIENT OF EQUIVALENT CONDUCTIVITY 
100 ‘s 


A \dTl¢ 


Temp. coefficient 


{ c¢ gram equivs. 
per litre 


The variation in ionic mobilities with temperature shown in Table XLVI 
has also been determined from the above data and the corresponding transport 


numbers.*7¥7? * 
The absolute temperature coefficient (6A,/67), of mobility of the chloride 


ion is seen to increase with temperature, which is contrary to the behaviour of 


the hydrogen (and many other) ions. 
The cation transport numbers in hydrochloric acid have been determined 
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‘TABLE XLVI.- LIMITING IONIC MOBILITIES AND THEIR TEMPERATURE 
COEFFICIENTS IN HYDROCHLORIC ACID 


Sofa 
o dT lic 
i Ged 


5 ° 172 . 173 
using electromotive force measurement,’’* and the moving boundary method. 


The close agreement is shown in Table XLVII. . 


TABLE XLVII.- CATION TRANSPORT NUMBER OF HYDROCHLORIC 
ACID AT 25° 


0.005 002 | 0.05 | 0-10 
0-8239 | 0-8251| 0.8266] 0-8292| 0.8314 
0.824 | 0.825 | 0.827 | 0-830 | 0.832 


From electromotive force measurements, the variation of this transport number 
with temperature, shown in Table XLVIL, has been determined over a wider 
concentration range.*”” 


c gram equivs. 

per litre 
th (moving boundary) 
t, (e.m.f.) 


TABLE XLVII.- INFLUENCE OF TEMPERATURE ON CATION 
TRANSPORT NUMBER IN HYDROCHLORIC ACID 


c gram equivs. 
per litre 


0» fat 


0.816 | 0-823 


In order to study the influence of dielectric constant and similar properties 
of the solution on the degree of ion association, the electrical conductivities 
of hydrochloric acid have been determined in mixtures of water with a wide 
range of organic liquids. Some values are collected in Table XLIX.*” 

Detailed measurements covering a range of conditions have been made for 
solutions in mixtures of water with methyl alcohol,’”® ethyl alcohol,*7*7%'”® 

acetone’’”*”? and glycerol.*”***° As with solutions in pure water, the equiva- 
lent, conductivity of hydrochloric acid in mixtures of water with organic sol- 
vents also increases considerably with increase in temperature. This is 
illustrated in Table L.*™* 

For the two lower dioxan concentrations, the experimental data follow 
closely the Onsager limiting slope; in 70 ane 82% dioxan ion association is 
pronounced, 

Many other investigators have contributed to our present knowledge of the 
electrochemistry of hydrochloric acid; reference should be made to work on 
electrical conductivity,****** ionic mobility,**°*®* cataphoresis,*®*® and transport 


numbers’*°*?* in pure hydrochloric acid solutions, and in solutions containing 
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TABLE XLIX.- EQUIVALENT CONDUCTIVITY OF 0.1N-HCl IN ORGANIC 
SOLVENT=WATER MIXTURES AT 25° 


Volume % 
organic 
solvent 


Methyl alcohol 


Ethyl alcohol 
Glycol 


Glycerol 
Acetone 
Dioxan 
Formic acid 
Acetic acid 
n-Propanol 


TABLE L. - INFLUENCE OF TEMPERATURE ON THE EQUIVALENT 
* CONDUCTIVITY OF HYDROCHLORIC ACID IN DIOXAN-WATER MIXTURES 


% Dioxan | Equiv. conductivity at infinite dilution Ag 


also sodium chloride and potassium chloride.*°® The addition of hydrophilic 
colloids (e.g. gelatin, gum arabic, salep, dextrin) to hydrochloric acid solur 
tions reduces the transport number of the hydrogen ion; the colloid forms a 
complex with the cation, reducing its velocity; the conductivity of the solu- 
tion is also reduced.*°”**® Sucrose has a similar effect, and the decrease in 
conductivity is proportional to the sucrose content of the solution.’®? The 
transport: number of the chloride ion remains constant in hydrochloric acid 
solutions containing up to 30 wt.-% of sucrose, but is decreased at higher 
sucrose concentrations.” The decrease in conductivity is attributed to 
changes in viscosity, ion hydration and ion mobility, variation in dielectric, 
constant being a relatively unimportant factor.*”° 

Electrical conductivities have been studied employing physical conditions 
(e.g. high frequency” and high potential direct current’) differing from those 
normally employed in conductivity measurement. Early observations on the 
change in electrical conductivity with pressure, over a range up to 3000 
kg./cm.? (Mellor,II,194) have been extended”” to pressures as high as 11000 
kg./cm.* Typical results are given in Table LI where A, represents the 
equivalent conductivity of 0:01N-hydrochloric acid at the pressure shown, and 
Aatm, the corresponding value at atmospheric pressure. 

With increase in pressure the conductivity is seen to pass through a 
maximum value; increase in temperature decreases the influence of pressure, 
and also shifts the position of maximum conductivity towards lower pressure. 
Calculations using the Debye=Htickel formula suggest that these high pressures 
must cause a large change in the diameter of the rons, and that the conduc- 
tivity maxima cannot be due entirely to change in degree of dissociation of the 
ions with pressure. These results have been applied in the study of elec- 
trolysis at high pressures.” | 

Replacement of hydrogen by deuterium in these systems results ina 
marked decrease in conductivity. The value of Aw for deuterium chloride in 


deuterium oxide is 312-6 at 25°7° and 273+8 at 18°,7°° compared with 426-2 and 


Refs. p. 448 


446 HYDROCHLORIC ACID | 15<2 


TABLE LI.- THE VARIATION IN EQUIVALENT CONDUCTIVITY OF 
HYDROCHLORIC ACID WITH PRESSURE 


Pressure | 
kg./cm.? 


Ny/Natm. (30°C:.) Ap/Natm. Cian) 


1-0000 1-0000 
1-0265 1-0125 
1-0464 1-0190 
1-0715 1.0218 
1-0812 1-0229 
1-0828 1-0225 
1.0780 1-0171 
1-0545 1-0040 
10218 0-9866 


1-0055 0-9'780 
377-5 for hydrogen chloride in water. The ionic mobility of the D* ion in 
deuterium oxide is 249+5 at 18°? compared with 349-9 for the H* ion in water, 
so that the difference in conductivity in the two systems arises largely from 
the difference in cation behaviour. When hydrogen chloride is added to 
deuterium oxide, or deuterium chloride to water, exchange reactions of the 
type 2H*, +D,0 = 2D*t + H,0O occur, so that it is not possible to obtain con- 
ductivity values which represent either of these systems ideally. However, 
conductivities of hydrogen chloride=deuterium chloride solutions in mixtures 
of water with deuterium oxide have been carried out, and typical results are 
given in Table LII.*°’ 


TABLE LII.- EQUIVALENT CONDUCTIVITY AND CATION TRANSPORT | 
NUMBERS FOR 0-05N. SOLUTIONS OF HCl-DCl IN D,O-H,O MIXTURES AT 25° 


Mol. fraction m 
of D,O 


291-68 

301-11 | 0-8076 
317-46 | 0-8101 
366+47 | 08216 


399-08 


Similar data have been determined for 0-O0IN. solutions?*”°? If A is plotted 
against the mol fraction of D,O in the solvent, the curve obtained lies below 
the straight line connecting the limiting values in D,O and H,O. The ionic 
conductivity of the chloride ion varies linearly with mol fraction of deuterium 
oxide, so that the cation is responsible for the deviation of the conductivity 
values from linearity. The high mobilities of the H* and D* ions result from 
the symmetrical transitions:- 


H,0* +H,O = H,O +H,0* 
D,0° +D,0 = D,0+D,0* 


but in H,O-D,O mixtures the unsymmetrical transition:- . 
D.0”" +10 = 0 phot | 
is also involved. This is less probable, and results in a decrease in the 
apparent mobility of H* and D* ions. 
DIELECTRIC CONSTANT 


Many measurements of the dielectric constant € of hydrochloric acid have 
been made, mostly in very dilute solution.7*°??, Measurement of ¢€ is difficult 
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with conducting solutions, but the Ftirth ellipsoid method has been used with 
success, though the results vary somewhat.”°**4 There is general agreement 
that € first falls with increasing concentration, then rises to a value at least 


as high as that for pure water. The results given in Table LIII (which assume 
€ = 80 for water) are typical.??” 


TABLE LIIL. - DIELECTRIC CONSTANTS OF HYDROCHLORIC ACID 
Gee Pncne ts OngeOe Woe OMG OO) OS" AO.Bedeii4 > 0.5 


€ SUP I Ssbaney aes 70-3 «(7164 80-2 8364 849 


CATALYTIC EFFECTS 


The property which hydrochloric acid possesses of catalyzing many re- 
actions is no longer to be regarded as distinctive; the Brénsted~Lowry con- 
cept of acids and bases has served to correlate many reactions in which acids 
and bases have catalytic properties, and such catalysis is known to occur in 
many non-aqueous systems also. The general phenomenon of acid~base 
catalysis is considered in detail in textbooks of physical chemistry, but 
reference may be made here to some reactions in which catalysis by hydro- 
chloric acid has been studied quantitatively. These reactions include the 
hydrolysis of hypophosphoric acid,””” and the hydrolysis of hydrocyanic acid 
in acetic acid;?** the decomposition of hydrogen peroxide;”* the inversion of 
menthone;** the reversion of glucose and the degradation of cellulose;*”® 
the inversion of sucrose and the decomposition of ethyl diazoacetate;*””’ the 
esterification of a range of aromatic acids (for which rates have been compared 
in the presence of hydrogen chloride and deuterium chloride),*”* and the trans- 
formation of acetylchloroaminobenzene into chloroanilides.*” 


REFRACTIVE INDEX 


The refractive index of hydrochloric acid solutions, from which molar 
refractivities may be calculated, has been determined as a function of concen- 
tration and temperature.”°°*** Some values are given in Table LIV.** 


TABLE LIV.- REFRACTIVE INDEX OF HYDROCHLORIC ACID 


Refractive 
Index 
U3 B) 
0-0000 1-33302 0-0000 | 1-33251 |}0-0000}] 1-33196 
0-4859 1-33'708 0-4853 | 1633659 | 0-4440|] 133566 
1-2562. 1°34336 1-6-2545 |} 1-34283 | 1-2525] 1+34227 
~ 2.0262 1-34950 2:0233 | 1-34893 | 2.0200] 1-34833 
3-0401 135738 3-0351 | 1635675 | 3-0298| 1-+35610 
4-0582 1-36514 4.0510 | 1-36441 | 4-0435| 1-36374 


Normality 
N 


The refractive index of water increases with fall in temperature, and since 
n for ice (1:31) is less than for water, there is a temperature of maximum 
refractivity analogous to the temperature of maximum density. This has been 
determined for water and some aqueous solutions by plotting the temperature 
coefficient of n against the temperature; extrapolation to zero coefficient then 
gives the temperature of maximum refraction. For water this temperature 1s 


-0°5° for 0«SN- and 0-25N-hydrochloric acid solutions it is ~42° and -2+1° 
respectively.” 
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THE CHEMICAL PROPERTIES OF HYDROGEN CHLORIDE 
AND HYDROCHLORIC ACID 


REACTION WITH OXIDIZING AGENTS 


Hydrogen chloride and oxygen in the gaseous state react over a range of 
conditions to liberate chlorine according to the equation 4HCl + O, = 2Cl, + 
210. For this reaction, the relation between the equilibrium constant and 
temperature is given’* by log Ky = 5500/T ~ 4-31 log T . 0-0015T + 5-18 and 
other relevant volumetric felavions have been calculated.” Hydrochloric acid 
containing dissolved oxygen is oxidized to chlorine when irradiated with 
light of wave-length 254-365 mp and a condition of true equilibrium is 
reached at the stationary state. The concentratton of chlorine produced 
increases with increasing acid concentration, but is limited by the establish- 
ment of the stationary state. The quantum efficiency of the reaction in 
aqueous solution at 260 mp is 0+2, decreasing rapidly with increasing wave- 
length. Gaseous hydrogen chloride is only very slowly oxidized by oxygen in 
the light from a quartz-mercury lamp, but oxidation is almost complete in 
sunlight. The reaction is retarded by the removal of water vapour, and 
accelerated by the presence of chlorine.* With atomic oxygen, produced at 1 
mm. pressure, hydrogen chloride reacts to the extent of 25% only, giving 
chlorine and water vapour, whereas under the same conditions the oxidation of 
hydrogen bromide is complete.** Anodic oxidation of hydrochloric acid, 
using a lead anode, yields perchloric acid, and has been applied to commercial 
production of this acid.® The oxidation of hydrochloric acid by excess of 
potassium permanganate is represented by the reaction:- 


2KMnO, + 8HCl — 2KCl + 2MnO, + 4H,O + 3Cl,; 
the second stage:- 
MnO, + 4HCl — MnCl, + 2H,O + Cl, 


depends upon the presence of excess acid and application of heat.” These 

reactions are of obvious significance in volumetric analysis. Kinetic studies 
of the accelerated decomposition of hydrogen peroxide into water and oxygen 
in the presence of dilute hydrochloric acid indicate that the acid is oxidized; 
the rate of catalytic decomposition is determined by two compensating irre- 
versible reactions:-**° 


Gls + H,O, > HClO + H,0 
rans HClO + H,O, —> Ht Ct OOO. 


Concentrated hydrochloric acid is oxidized by hydrogen peroxide to chlorine; 
the overall reaction is H,O, + 2HCl — 2H,0 + Cl,. The rate at which chlorine 
is liberated is proportional to the hydrogen peroxide concentration, and is 
increased by the presence of other added substances such as sulphuric acid 
or metal chlorides. With added bivalent and trivalent chlorides the rate of 
chlorine liberation is almost twice that observed with univalent salts.** 


REACTION WITH HYDROHALOGEN ACIDS AND HYDROCYANIC ACID 


Anhydrous hydrogen chloride combines with hydrogen bromide at -—100° to 
give a solid product, HC],HBr. The existence of this compound has been 
demonstrated at temperatures as high as -75°.** Ionic structures proposed for 
the compound are H,Cl*Br™ (I) and H,Br*Cl° (II). The cations in I and II are 
isoelectronic with K and Rb* tespectively, and comparison of the energy of 
formation of the compound HCI,HBr with that of potassium chloride and 
rubidium chloride supports the formulation (I) for the compound.** Passing 
hydrogen chloride into liquid hydrogen fluoride does not alter the electrical 
conductivity of the latter, so that no interaction occurs.‘* Measurements of 
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the solubility of iodine in hydrochloric acid solutions have been made at 
various concentrations and temperatures;** the equilibrium constants for the 
reaction HCl + I, (dissolved) = HCI,I, are 1+24, 1-30 and 1-38 at 25°, 35° and 
45° respectively. The nature of solutions of iodine monochloride in hydro- 
chloric acid has been investigated by studying the distribution coefficients of 
iodine between IC1=HCI1-KCI solutions and carbon tetrachloride.’® The 
ionic species present in these solutions are discussed fully elsewhere (see 
page 487). 

Hydrogen chloride and hydrogen cyanide form addition products in various 
molecular proportions.*%** The compound HCN,HCIl (NH:CHCl) is probably 
the intial reaction product, but it readily decomposes into its components. A 
small quantity only of insoluble aldimine hydrochloride is obtained when 
m-cresol is added to a dilute ethereal solution of hydrogen chloride and 
hydrogen cyanide. Direct reaction gives the compound HCN,2HCI (H,N.- 
CHCl,, dichloromethylamine), the presence of which was deduced from the 
hydrolysis products of its nitrobenzaldehyde condensation product. The 
final product of direct reaction is crystalline 2HCN,3HCI (dichloromethy1) 
aminochloromethylamine, H,N.CHCI1.NH.CHCl1,. This compound when 
heated on a steam bath gives a glass-like product 2HCN,HCI (chloromethylene- 
formamide) which is of use in the preparation of derivatives of aldehydes. 
However, these compounds are not formed with sufficient readiness to prevent 
the use of liquid hydrocyanic acid as a reaction medium for reactions invol- 
ving hydrogen chloride. Thus both triethylamine and pyridine in solution in 
liquid hydrocyanic acid absorb hydrogen chloride gas to give 99% of the 
calculated yield of triethylammonium and pyridinium chlorides.*® The action 
of dry gaseous hydrogen chloride on liquid cyanamide affords an addition 
compound, H,NCN.HCI.”° | 

The reaction between hydrogen chloride and sodium or potassium bromide 
at elevated temperatures reaches an equilibrium, the position of which is 
temperature-dependent. The equilibrium constants and heats of reaction are 
as follows:-7” 


en NuprepHCl Heat of reaction 
Nuci .pHBr (g.-cal.) 


4:69 at 850° 
4e14 at 950° -3,400 


8+33 at 750° 
6-10 at 850° 


NaCl + HBr = NaBr + HCl 


KCl + HBr = KBr + HCl -8,500 


REACTION WITH NON-METAL AND METAL CHLORIDES 


Hydrogen chloride forms addition compounds with some non-metal chlor- 
ides and with many metal chlorides. These compounds vary widely in 
stability, and the behaviour in aqueous solution is frequently different from 
that of the anhydrous reactants. Boron trichloride forms a simple eutectic 
system with hydrogen chloride, and thermal analysis gives no evidence for 
compound formation under these conditions.** Freezing point-composition 
data show a simple eutectic system (eutectic temperature - 134°) with boron 
trifluoride also, so that (in contrast to the fluoride ion) the chloride ion does 
not act as a donor to boron trifluoride. The existence of the compound 
BF,,3HCI, believed formerly to be produced as a distillation fraction from 
BF,-HCI mixtures," appears unlikely. Nitrogen trichloride in carbon tetra- 
chloride solution reacts with anhydrous hydrogen chloride according to the 
equation:- 


4HCI (gas) + NCI, (in CCl,) > NH,Cl (solid) + 3Cl, (gas). 
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The heat of reaction is 41-80 kg.-cal., and the heat of solution of hydrogen 
chloride in carbon tetrachloride is 3-68 kg.-cal.”° The absorption of hydrogen 
chloride by silicon tetrachloride has been studied tensimetrically over the 
temperature range -50° to ~80°% Only at -80° was there evidence of com- 
bination, when up to 3 mols. of hydrogen chloride were absorbed per mol. of 
silicon tetrachloride. No evidence was obtained for the direct formation of 
hexachlorosilicic acid.”” The phase diagram for sulphur monochloride with 
hydrogen chloride shows two eutectics; for 26 mol.-% HCl at -119° and for 98 
mol.-% HCl at -112°. The liquid mixture separates into two layers, and pale 
yellow crystals of composition H,S, Cl, separate from the upper layer at 
-92-5°.7% Isotope exchange reactions using hydrogen chloride containing eGh 
atoms show that exchange of chlorine occurs rapidly with arsenic trichloride 
and phosphorus trichloride, but more slowly with phosphorus oxychloride. 
Exchange is very slow with silicon tetrachloride and sulphur monochloride, 
and does not occur at all with carbon tetrachloride.” 

The well-known ‘salting out’ of metal chlorides from aqueous solution by 
hydrogen chloride has received much attention. This common ion effect 
(which is related also to the hydration of the ions present) i is pronounced with 
sodium and potassium chlorides, and may be employed in their purification. 
The change in solubility with hydrochloric acid concentration is illustrated in 
Table LV.*° 


TABLE LV.- SOLUBILITY OF SODIUM AND POTASSIUM CHLORIDES 
IN AQUEOUS SOLUTIONS OF HYDROCHLORIC ACID AT 25° 


(concns. in g.-mols./1000 c.c. saturated solution) 
Concn. HCl | Solubility of Nacl || Concn. HCl | Solubility of KCl 


Viscosities and densities of these solutions have also been deter- 
mined,*°** and the KC1=~HC1-H,O system has been studied over the tempera- 
ture range 25° to 80°C.** Although hydrogen chloride lowers the solubility of 
potassium chloride, it does not alter the general form of the solubility-tem- 
perature curves. Hydrogen chloride lowers the solubility of sodium chloride 
to a greater extent than does sodium hydroxide.** The phase systems AICI,- 
HCl-H,O and AICl,-KCl-HCl-H,O have been determined, but no addition 
compounds or mixed crystals were observed.**** The system BeCl,-HCl-H,O 
has been examined by hydrolysis of beryllium chloride and by using solutions 
of the phases BeCl,,2H,O and BeCl,,4H,O in aqueous hydrochloric acid. 
Solutions in which the ratio BeO:HCl is 1:2 may be obtained if a slow stream 
of gaseous hydrogen chloride is passed into a saturated solution of beryllium 
chloride.*® Magnesium, strontium and barium chlorides can be almost com- 
pletely salted out of solution by means of hydrogen chloride, but for a similar 
effect cadmium, zinc and calcium chlorides in solution must be saturated with 
hydrogen chloride under increased pressure. In the CdCl,-HCl-H,O system, » 
from an HCl concn. up to 6%, the solid phase is CdCl,,2+ St O, fence 11% it 
is CdCl,,H,O, from 11-22% it is 2CdCl,,HC1,4H,O' and fon 22-27% it is 
CdCl,,HC1,3H,0.°” Similarly, 2ZnCl,,HCl,H,O wal 2ZnCl,,HCl,2H,O may be 
precipitated Po zinc chloride solutions by means of hydrogen chloride. 
Precipitation of AICl,,6H,O from ether-water mixtures occurs on saturating 
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the mixture at O° with hydrogen chloride. This fact also affords a con- 
venient method for the separation of aluminium from Be, Ca, Mn, Co, Z2n;'SO;, 
and PO, ions, and in view of the possible application of this device in 
analytical chemistry, solubilities have been determined for a series of metal 
chlorides at 0° in a solution made by saturating with hydrogen chloride a 
mixture of equal volumes of ether and water.*? 

Treatment of hydrated ferric chloride with hydrogen chloride produced a 
range of hydrated chloro acids, in which the FeCl,:HCl:H,O ratio may be 
1-1-2, 1-1-4, 1-1-5-4+5, 1-2-5+5, 1=2-5=-6 and 1-3-7.?” The com- 
pounds vary widely in colour and physical properties, and are clearly co- 
ordination complexes which may contain chloro-, aquo- or hydroxy-groups. 
Some of these complexes, and the influence of hydrochloric acid concentration 
on their composition, have been investigated by measuring the distribution of 
ferric chloride between aqueous acid solutions and ether.*° The formation of 
complex ions (ultimately of the form [MCI,]* in sufficiently high concentra- 
tions of hydrochloric acid):has been shown for solutions of the trichlorides of 
aluminium, gallium, indium, lanthanum and iron in hydrochloric acid by 
measuring their heats of solution. This decreases markedly (and to about the 
same extent) as the hydrochloric acid concentration is increased. It has been 
suggested that the formation of such complex ions is an endothermic reaction, 
resulting from the strong binding between the chlorine ion and the water 
molecule.** The addition of hydrochloric acid to a pink aqueous solution of 
cobaltous chloride changes the colour to blue, and the changes occurring in 
the solution have been followed by measurements of viscosity,**? magnetic 
properties,** and electrical conductivity ,**** and by absorption spectroscopy.” 
At high acid concentration the ion [CoCl,]* is predominant, whereas at low 
acid concentrations the metal ion is in the form of the 6-co-ordinate aquo 
complex [Co(H,0),l?*. As a result of the strong electron donor properties of 
the chloride ion, many co-ordination complexes undergo change when dis- 
solved in hydrochloric acid: for example, the hexamminochromic complex ion 
is converted to the chloropentammino-chromic ion in hydrochloric acid.*”? A 
- large number of such examples is known but they will be mentioned under the 
appropriate elements and need not be discussed here. 

- The solubility of nickel, cobalt and cupric chlorides in water shows an 
initial rapid decrease on addition of hydrochloric acid, owing to the common 
ion effect; the solids in equilibrium with these solutions are the simple salt 
hydrates. There is a subsequent increase in solubility of these salts at 
higher acid concentration, owing in each case to complex ion formation, but 
the increase is most marked with cupric chloride, and from this solution a 
compound HCl,CuCl,,3H,O may be isolated at 0°.** The change in electrical 
conductivity on adding hydrochloric acid to cupric chloride solutions indi- 
cates*® the formation of the ions [CuCl,]° and [CuCl,]*. Spectrophotometric 
‘and refractometric measurements confirm the existence of these ions in the 
solutions, and the former ion is probably hydrated as [Cu(H,0)C1,]° to pre- 
serve the 4-co-ordination of copper.°%** The species CuCl* (or [Cu(H,0)C1]") 
and Cu(H,0),Cl, may also be present.*%*? More complicated systems such as 
CuCl, - NH,C1-HC1-H,0 have also been investigated.** The vapour pressure 
of hydrochloric acid solutions decreases linearly with increase in the con- 
centration of added cuprous chloride, whereas the vapour pressure increases 
on adding lithium chloride;** this is consistent with the formation of [Ccucl,] 
ions in solution, the existence of which is supported also by measurements of 
the solubility of cuprous chloride in hydrochloric acid.** Potential measure- 
ments have also served to elucidate the nature of solutions of chlorides in 
hydrochloric acid. Oxidation-reduction potentials of thallous-thallic salts in 
hydrochloric acid are interpreted in terms of chlorothallate ions of the type 
[TICL,]- and [TICI,]*°; most of the thallic ions are in the form of such 
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complexes, there being an average of 3-5 chlorine atoms per complex in the 
hydrochloric acid concentration range 0-1-1 N.°° Hydrochloric acid reacts 
with antimony chlorides in aqueous solution, and the formal potential of the 
antimonous-antimonic half-cell has been interpreted®’ in terms of equilibria 
involving the ions [SbCl,], [SbC1,], [Sb(OH),Cly] and [Sb,Cl,,]*. The 
wide variation in the stability of complexes of hydrogen chloride with metal 
chlorides may be used in their separation; for example, the compounds AsCl,, 
SbCl,, SnCl, and TiCl, may be removed completely from germanium tetra- 
chloride by extracting the latter with concentrated hydrochloric acid.” 

Although in aqueous solution hydrochloric acid forms addition. compounds 
with many metal chlorides, examples of the formation of addition compounds 
with anhydrous metal chlorides are few, though combination occurs more 
readily with the salt hydrates. Titanium tetrachloride does not absorb 
hydrogen chloride from the gaseous phase at -50° or at -65°?’ but the thermal 
diagram of the system HCl~TiCl, shows the existence of two compounds 
TiCl,,6HCIl (m.p. -86°) and TiCl,,2HCl (m.p. -30+8°); each compound melts 
congruently.*® Anhydrous stannic chloride does not absorb hydrogen chloride, 
but reaction with the pentahydrate gives the acids 5H,SnCl,,6GH,O and 3 
H,SnCl,,6H,O.’” The thermal diagram for the system HCl-SnCl, shows two 
compounds SnCl,,5HCl and SnCl,,2HCl, having congruent melting points of 
~94-7° and -85-4° respectively.©° Alkyl- or aryl-chloro compounds of tin may 
be prepared by bubbling hydrogen chloride into the liquid organo-metallic 
compounds; Me,Et,Sn gives MeEtSnCl,, Et,Pr,Sn gives EtPrSnCl,, but 
Ph,Et,Sn gives Et,SnCl,.” | 


REACTION WITH OTHER BINARY COMPOUNDS 


Gaseous hydrogen chloride reacts quantitatively with the nitrides of 
aluminium, magnesium, calcium, titanium and boron, forming the chloride and 
ammonia, at temperatures in the range 650° to 1050°.°% At 750°, hydrogen 
chloride gas reacts with vanadium carbide forming methane, hydrogen and the 
chlorides VCl, and VCl,.°° Vanadium carbide is insoluble in aqueous hydro- 
chloric acid, and is unchanged by it. The reaction of hydrogen chloride (both 
in the gaseous and pure liquid state) with calcium carbide is slow, since a 
coating of solid reaction products protects the carbide from further attack.™ 
The extent to which hydrochloric acid reacts with metal sulphides deter- 
mines the conditions under which these sulphides are precipitated from 
aqueous solutions of metal salts using hydrogen sulphide. Because of the 
significance of these reactions in qualitative analysis, the critical hydro- 
chloric acid concentration for separation of a range of metals as sulphides 
has been determined. For example,® in the reaction CdS + HC] = H,S + 
CdCl, :- 


K ~ CAC JUHAS] _ 1.96 x 1078 


[HCI]? 


Black mercuric sulphide is attacked by hot or cold 5=20% hydrochloric acid, 
but the red sulphide is unchanged in the cold acid.®* At high temperatures, 
gaseous hydrogen chloride will react with dry metal sulphides. For the zinc 
sulphide-hydrogen chloride system, log K, is 1:14 at 565°K. and 1-67 at 
635°K.°? The manganese sulphide reaction has also been studied quantita- 
tively over the temperature range 680-1000°%K.® When equilibrium is esta- 
blished between anhydrous cadmium chloride and hydrogen sulphide, 76+5% of 
the available quantity of hydrogen chloride is liberated at 352°, and 13+1% at 
232°. The extent of conversion to sulphide is less in the case of manganese 
and silver chlorides.”° In liquid hydrogen sulphide, hydrogen chloride shows 
acidic properties and will react with the base sodium hydrosulphide to give 
sodium chloride.”* The reaction HCl + NaSH — NaCl + H,S may be regarded 
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as an acid-base reaction if liquid hydrogen sulphide is considered as a sol- 
vent system analogous to water. The reaction:- 


Et,NH.HS + HCl > Et,NHCI + H,S 


may be followed by conductometric titration in liquid hydrogen sulphide.”! 

Kydrochloric acid reacts readily with metal borides. The reaction 
between magnesium boride and hydrochloric acid to give hydrogen and boron 
hydrides is well known, and the special experimental techniques employed for 
separation of the reaction products have been fully described.’? The silicon 
hydrides may be prepared similarly from magnesium silicide and 20% hydro- 
chloric acid. The intermediate compound H,SilMg(OH)], is first formed in 
this reaction; this then reacts with hydrochloric acid thus:- 


H,SilMg(OH)], + 4HCl > 2MgCl, + 2H,O + H, + SiH, 


and a series of silicon hydrides is obtained by polymerization of the SiH, 
radical.”* An amorphous solid of empirical composition SiH, is formed by the 
action of a saturated solution of hydrogen chloride in absolute alcohol on 
calcium monosilicide.”* Mono- and dichloro-silanes are prepared by the action 
of hydrogen chloride on monosilane at 100°, with aluminium chloride as 
catalyst. 


SiH, + HCl > SiH,Cl +H,; SiH,Cl + HCl — SiH,Cl, +H, 


Hydrogen chloride reacts with powdered silicon at 350° giving. silicochloro- 
form (SiHCl,) and silicon tetrachloride.”* The action of dilute hydrochloric 
acid on magnesium germanide gives a mixture of the germanium hydrides, and 
with calcium germanide (CaGe) the polymerized hydride (GeH,), is produced.” 
Reactions may also be autocatalyzed by small quantities of hydrogen chloride. 
Thus the reaction between chlorine and a mixture of silicon with magnesium 
_ oxide to give silicon tetrachloride begins at 400-500°, with yields not 
exceeding 30%, but when the chlorine carries a trace of hydrogen chloride the 
reaction begins at 300°, and yields are higher.” In the preparation of car- 
bides of molybdenum, tungsten and titanium by the reaction of carbon with the 
free metal or its oxide, the presence of small amounts of hydrogen chloride 
accelerates the rate of reaction; the TiO,-—C reaction is particularly 
sensitive.”* 


REACTION WITH OXIDES AND HYDROXIDES 


Reaction between hydrochloric acid and aqueous solutions of strong 
alkalies is a simple ionic reaction which usually gives the normal salt 
directly. The heat of reaction of beryllium hydroxide with hydrochloric acid 
is 13-65 kg.-cal., close to the value for neutralization of strong bases with 
strong acids.7% When gaseous hydrogen chloride is absorbed in aqueous 
alkaline solutions the surface processes involved are complex, since the 
absorption rate in alkali (with or without the presence of surface active 
substances) is less than in pure water.°° In the course of solubility product 
determinations, the equilibria in the simple systems Ni(OH), -HCl,** Mn(OH),- 
HCI*? and SnO-HCI1® have also been studied. With weak bases the neutrali- 
zation reaction frequently proceeds in several stages, involving the inter- 
mediate formation of basic salts. Although aluminium chloride is the final 
product of reaction betweem aluminium or its oxide with excess of concen~ 
trated hydrochloric acid, the solution of aluminium in dilute acid at 80° in the 
molar ratio 1:1 gives the basic chloride Al(OH),Cl.** Studies of the rate of 
solution of oxides is complicated by colloidal phenomena. The initial rapid 
rate of neutralization of hydrochloric acid by hydrated alumina is attributed to 
the instantaneous neutralization of the hydroxy-groups on the surface of the 
alumina particles; the subsequent slower neutralization is explained in 
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terms of the solid structure of the oxide, but the rate of the diffusion process 
in the neighbourhood of the solid surface must be significant also.” The 
reaction between colloidal ferric hydroxide and hydrochloric acid is also a 
complicated one; addition of acid first causes peptization, and during this 
stage the charge on the ferric hydroxide particles passes through a maxi- 
mum (compare silica sols).°° The adsorption of ions on the particle then 
causes coagulation. The rate of reaction is increased by increase in tem- 
perature and acid concentration, and is considerably influenced by the degree 
of dispersion of the precipitate, which in turn depends upon the ferric chloride 
concentration in solution, and the age of the solution. Several quantitative 
studies of the system have been made.*”*? The difference in particle size of 
precipitate also explains the difference in reaction rate of hydrochloric acid 
with a- and B-stannic oxides; coalescence of primary particles is greater 
with the B-oxide, and the rate of reaction is slower.*° The temperature of 
precipitation of titanium dioxide has a considerable effect on its solubility in 
acid. When the dioxide was prepared at 25°, none was found in the colloidal 
state at acid concentrations exceeding 0:25 N., whereas with dioxide prepared 
at 100° the colloidal condition persisted at acid concentrations up to 1:5 N.™ 
The solubility curve for mercuric oxide in hydrochloric acid shows a break 
owing to the formation of the solid phase HgCl,,2HgO*? and the compound 
Pb(OH)CI may be readily obtained from lead acetate with hydrochloric acid.”* 
Hydrated antimonous oxide reacts with hydrochloric acid to give a range of 
oxychlorides, the composition of which is determined by the concentration of 
reactants. Compounds of empirical formulae Sb,0,(OH);Cl, Sb,0;(OH),Cl;, 
SbOCI and Sb,0,Cl, have been reported; some are metastable.** The ternary 
system bismuth oxide-hydrochloric acid-water has been studied, and bismuth 
oxychloride is found to be the only stable phase separating up to the point 
represented by 33+7% HCl, 50+7% Bi,O3, 7*6% H,O.”° Oxychlorides are also 
produced: by reaction of hydrogen chloride at elevated temperatures with 
metal oxides. Niobium pentoxide reacts slowly at 400°, and rapidly at 700°, 
with hydrogen chloride according to the equation:- 


Nb,O, + GHC] = 2NbOCI, + 3H,0.. 


The equilibrium constant is about 10°*® at 600°. The position of equilibrium, 
and thus the degree of hydrolysis of the compound NbOCI,, varies with tem- 
perature; on cooling, the reaction products separate in the following order; 
Nb,O; at 600°- 400°, NbO,Cl at 300°, and below 300° a mixture of the com- 
pounds Nb,O;, NbOCI,, NbO,Cl, HCl and H,0.°© Reaction with tungstic 
oxide commences at 300°, and is complete after six hours at 400°, giving the 
yellow oxychloride WO,Cl,. With sodium tungstate, the reaction proceeds in 
two stages:- : 


; Na,WO, + 2HCl -> 2NaCl + WO, + H,O 
followed by WO, + 2HCl —> WO,Cl, + H,0, 


the most favourable temperature being 500°. The sodium polytungstates also 
react, the reaction rate increasing with increase in WO, content. Metallic 
tungsten does not react, even at 600°, with hydrogen chloride, but both oxides 
WO, and W,0; react at 400° to give the compound WO,Cl,, leaving a residue of 
metallic tungsten.°’ The equilibrium between hydrogen chloride and a-ferric 
oxide has been investigated over the temperature range 300~-1000°C.”* The 
equilibria concerned are:- 


(1) Fe,0,(s) + GHCl(g) =. 2FeCl,(g) + 3H,O(g) 
(2) Fe,0,(s) + GHCl(g) = Fe,Cl,(g) + 3H,O(g) 
(3) 2FeCl,(g) = Fe,Cl.(g) 
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The variation in the equilibrium constants with temperature is given by:- 


log Kyy) = -2+935 - (29+3 x 10*/4-57 T) 
log K9) = -11,853 + 340/4-57 T 
log K(3) = -9,800 + (32:55 x 103/4-57 T) 


The vapour density of ferric chloride at 450° corresponds with the dimer 
Fe,Cl,, but dissociation to FeCl, is practically complete at 750°: K(1) is 
therefore important above 450°, whereas Kg) is important below this tempera- 
ture. The presence of small amounts of oe es chloride increases the rate 
of reduction of ferric oxide by hydrogen at 300°-600°. Interesting reactions 
occur between hydrogen chloride and the tetroxides of ruthenium and osmium. 
With ruthenium tetroxide, tetrachlororuthenic acid is produced by the re- 
action:-*© 


RuO, + GHCI (gas) > H,[RuO,Cl,] + Cl, + 2H,0 


and the same compound is obtained -during the decomposition of ruthenium 
tetroxide by aqueous hydrochloric acid. On further treatment with concen- 
trated hydrochloric acid, the reaction:- 


H,[Ru0,Cl,] + 4HCl > H,[RuCl,] + Cl, + 2H,O 


occurs, and the trichloride RuCl, may also be isolated from the reaction 
products." The reducing properties of hydrogen chloride have often been 
utilized in the study of the chemistry of elements of variable valency; if 
potassium chlororuthenate (K,[RuCl,]) is heated at 540° in a stream of hydro- 
gen chloride gas, it is reduced to the chlororuthenite K,RuCl,.'°° Hydro- 
chloric acid converts osmium dioxide into osmium tetrachloride, which pro- 
bably exists in hydrochloric acid solution as the acid H,[OsCl,];** the 
reaction:- 


OsO, + GHC] = H,[OsCl,] + 2H,O 


is reversible. If the vapour of osmium tetroxide is passed into dilute hydro- 
chloric acid no reaction occurs, but if the density of the acid exceeds 1:16 the 
tetroxide is converted to the tetrachloride;*” intermediate compounds are 
formed and the deliquescent brown crystals which have been separated fromthe 
solution probably have the oxychloride constitution Os(OH)CI;.*°° This com- 
pound is no doubt present in hydrochloric acid solution as H,[Os(OH)Cl,gl. 
Titanium dioxide reacts with hydrogen chloride over a wide temperature range; 
the reaction has been studied with hydrogen chloride gas at 200°, and with 
pure liquid hydrogen chloride at low temperatures: in each case the yellow 
2:1 compound Ti(OH),Cl, is formed.*** In the presence of water a trihydrate 
is produced. Uranium trioxide reacts similarly, forming the uranyl compound 
UO,(OH)Cl, which gives a dihydrate in the presence of water.’*™ 


REACTION WITH NON-METALS AND NON-METAL OXIDES 


Compound formation between hydrogen chloride and the inert gases has 
been postulated. The ability of the inert gases to form compounds has long 
been a matter of doubt; however, in the presence of a strong dipole the atom 
may become sufficiently polarized to form addition complexes by dipole- 
dipole attraction. At sufficiently low temperatures and pressures, crystals of 
hydrogen chloride take up appreciable quantities of radon, which may be 
separated from argon and neon by this means.*°* The second virial co- 
efficient for krypton-hydrogen chloride mixtures has been studied as a func- 
tion of composition, and the results suggest that there is some association 
between the components,*#°? Experimental study of the P~V-T relations 
for gaseous mixtures of propane with hydrogen chloride leads to similar 
conclusions.’°”? During a study of the rate of reaction of hydrogen chloride 
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with atomic hydrogen, it was observed that much heat was liberated in that 
part of the apparatus where the hydrogen atoms (produced by electric dis- 
charge) came into contact with hydrogen chloride, and that the presence of 
hydrogen chloride promoted rapid recombination of hydrogen atoms. This is 
due to the initial reaction H + HCl — Cl + H,, followed by a rapid reaction 
H + Cl — HCl, which thus-regenerates the hydrogen chloride.*°* Numerous 
reactions involving non-metal oxides have also been clarified. Early reports 
that a contraction in volume occurs when carbon monoxide and hydrogen 
chloride gases are subject to electric discharge, due to the reaction CO +HCl 
—> HCOCI, have been re-examined.*°? Sparks were passed between nickel 
and molybdenum electrodes in equimolar mixtures of the dry gases, but for 
times of contact up to 50 hours, pressures up to 250 kg./sq.cm. and tempera- 
tures up to 250°, no evidence of reaction was observed. The existence of the 
addition compound is usually postulated to explain the reaction of a CO-HCl 
gas mixture with aromatic hydrocarbons, which forms an aldehyde in the 
presence of aluminium halide as catalyst: RH + HCOCl — RCHO +HCl 
(Gattermann=- Koch reaction). However, the reaction kinetics of the process 
indicate the formation of ions by the reaction HCl + CO + AlBr, — AlBr,Cl + 
HCO?t, followed by the rate-determining reaction HCO* + RH — R.CHO + 
Ht.4° When nitric oxide and hydrogen chloride are condensed together at 
120 = 130°%., a blue liquid containing the addition compound NO,HCI is 
obtained.*** It has been claimed that this compound is not formed in the 
absence of traces of nitrogen dioxide or oxygen.’ The liquid has an elec- 
trical conductivity greater than 107° ohm™*, and the compound may be formu- 
lated as the ionic form NOH*CI. Hydrogen chloride reacts rapidly with 
nitrogen dioxide in the dark:- 


2HCI + NO, > NOC] + H,O + %Cl, 


and no nitric oxide is found in the products.*** In an experiment in which the 


gases were mixed at partial pressures of 3+5 mm. (NO,) and 8-3 mm. (HC)), 
50% of the nitrogen dioxide (measured photometrically) reacted almost im- 
mediately, and 85% within ten minutes. It has been claimed that dry hydro- 
gen chloride is absorbed by phosphoric oxide, the absorption curve being 
autocatalytic in type.*“* The initial period of delay was increased to as 
much as seven days by intensive drying of the hydrogen chloride over phos- 
phoric oxide prior to the experiment, and the subsequent increase in absorption 
rate was attributed to the catalytic effect of the intermediate compounds 
PO,Cl and P,O,Cl, However, it seems probable that in the complete ab- 
sence of moisture in either reactant, no reaction whatsoever occurs."** The 
presence of traces of moisture or metaphosphoric acid has been found to give 
rise to a reaction which is autocatalytic. This may be explained by the 
reversible reaction:- 


HCl + HPO, = POCI, + 2H,0O. 


In the presence of large amounts of phosphoric oxide, the reaction will pro- 
ceed slowly to the right, one molecule of metaphosphoric acid giving two 
molecules of water, which then give four molecules of metaphosphoric acid. 
As the amount of acid increases, so does the absorption of hydrogen chloride. 
If fairly pure phosphoric oxide is used as a drying agent for hydrogen chloride, 
no serious contamination of the gas is likely to occur in the early stages, but 
phosphoric oxide is not an ideal drying agent unless followed by condensation 
and fractionation of the hydrogen chloride. 

Selenium dioxide and hydrogen chloride form two addition compounds. 
The compound SeO,,4HCI is a yellow solid stable at 0°, and the compound 
SeO,,2HCl is a yellow liquid which is stable up to 170°. The latter com- 
pound may be prepared also from selenium oxychloride by direct reaction with 
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an equimolar quantity of water. At 20°, its density is 2252 and the surface 
tension 51:6 dynes/cm. Tellurium dioxide also absorbs hydrogen chloride at 
0°, presumably to give compounds similar to those of selenium, but they are of 
low stability, and the product loses water continually with increasing tem- 
perature. No evidence for formation of a definite compound was found in the 
temperature range 0-150°%° Selenium is practically insoluble in pure 
concentrated hydrochloric acid, but is quite soluble in acid containing sele- 
nium dioxide. In these solutions the chloride Se,Cl, is formed, which is 
regarded as responsible for the intense yellow colour always observed,'!%?9 


REACTION WITH OXY-ACIDS AND THEIR SALTS 


Hydrochloric acid reacts with the oxyacids and their salts in a variety of 
ways. The kinetics of the oxidation of hydrochloric acid in aqueous solution 
by oxyhalogen acids HXO, give a rate equation:- 


-d(XO,) _ 
dt 


where Ff is the activity factor and x, y and z represent the order of reaction 
with respect to each component.*”° With different hydrohalogen acids, the 
velocity of reduction of a given acid HXO, is in the order HI > HBr > HCl, 
and the ease of oxidation of HCl by oxyhalogen acids follows the order HIO, > 
HBrO, > HCIO;. The orders of reaction x, y and z for hydrochloric acid 
reactions are:- 


~kF(XO,)*(CI)*(H*)? 


, id ay AA es 
HCIO,-HCl 1 1 2 
HecorshCtt tee 
HIO, -HCl 1 4 4 


and the following rate-determining mechanisms have been postulated:- 


HClO, + HCl — HCIO, + HClO 
BrO,” + 2HCl > BrO’ + 2HCIO 
IO, + 4HCl - I0° + 2Cl, + 2H,0. 


A mixture of one volume of nitric acid with three to four volumes of hydro- 
chloric acid is well known as aqua regia; the formation of nitrosyl chloride is 
usually represented thus:- HNO, + 3HCl-—> NOC! + Cl, + 2H,0O. The reaction 
of nitric acid in a large excess of hydrochloric acid has been studied in 
aqueous solution at 60°, when the same equation is found to hold. The 
reaction is unimolecular with respect to nitric acid, with a temperature co- 
efficient of 2°54. Silver sulphate catalyzes the reaction, but the addition of 
chlorides appears to have no effect.*** Studies on the phase and reaction 
equilibria in the systems HNO,- HCI,” HNO,-HCI1-H,0,'” and HCl -HNO,- 
HNO,*** have also been made. Direct reaction with sulphur trioxide, HCl + 
SO, — SO,(OH)CI, gives liquid chlorosulphonic acid, which may also be 
prepared by passing dry hydrogen chloride gas into fuming sulphuric acid and 
then distilling. Chlorosulphonic acid, in admixture with excess sulphur 
trioxide, found wartime use at sea as a smoke generator owing to its ready 
hydrolysis in moist air. It is an important compound in the system H,O-HCl=- 
SO,;, which has been studied by thermal and ebullioscopic methods. In this 
system two compounds, H,S,0,,SO,(OH)CI, m.p. 26°, and H,S,0,,2SO,(OH)CI, 
m.p. 3+1°, have been identified.’ The addition of dilute hydrochloric acid to 
sodium thiosulphate gives an immediate precipitation of sulphur; 80-90% of 
the salt decomposes according to the equation Na,S,0, + 2HCl — SO, +S + 
2NaCl + H,O, but some polythionic acids are also formed in solution.’** If, 
however, concentrated fuming hydrochloric acid is used, a clear, colourless 
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solution of the thiosulphate is obtained, and thiosulphuric acid, <HiS,O.0s 
believed to persist without decomposition for some time in this piediiee ie 
This stability is explained on the assumption that the dissociation equili- 
brium H,S,0, = HSO, +H’ is displaced far to the left in concentrated hydro- 
chloric al and that the undissociated acid does not undergo decomposi- 
tion.!?” The polythionic acids ultimately formed contain up to 14 sulphur 
atoms per molecule. Selenic acid is readily reduced to selenious acid by 
boiling with dilute hydrochloric acid: H,SeO,+ 2HCl — H,SeO, + H,0 + Cl,, 
although hydrogen sulphide and even sulphur dioxide bring about this reduc- 
tion only with great difficulty. It has been suggested that it is the undis- 
sociated molecules of selenic acid which undergo reduction.'?® The reaction 
may be used for the volumetric determination of selenic acid. a Hydrochloric 
acid reduces vanadates quickly and quantitatively to compounds containing 
tetravalent vanadium. The reaction may be represented by V,0O, + 6HCl—~> 
2VOCI, + 2H,O, followed by 2VOCI, — 2VOCI1,+ Cl, The velocity of réduc- 
tion is beopomicnal to [HCI], [NH,VO,] and temperature, and when precipi- 
tating vanadium pentoxide from a vanadate solution the acid concentration 
should not exceed 5 N. at room temperature, or 2-8 N. at 100°.*°° The reduc- 
tion is also catalyzed by Ag*, Pb?* and Cu?* ions.'** Molybdates and tung- 
states are not reduced under these conditions; excess of acid leads to 
precipitation of the trioxides, but various polymolybdates and polytungstates 
are formed by reaction with more dilute acid.****** This property, however, is 
not specific to hydrochloric acid, and so need not be further discussed here. 
The readiness with which hydrofluoric acid will form addition compounds has 
led to a search for corresponding compounds of hydrogen chloride; the exis- 
tence of the compound HCI1,H,SO, (formulated as H,cl* -HSO,°) has been 
claimed, and also the perchlorate H slg .ClO,, although the explosive decom- 
position of the latter compound prevented its isolation.*** Pure phosphoric 
acid absorbs 8% by weight of dry gaseous hydrogen chloride; mixtures show a 
decrease in pH with decrease in electrical conductivity, and the existence of 
the 1:1 compound H,PO,Cl has been suggested.**® In connection with the 
treatment of calcium phosphates by hydrochloric acid a detailed physico- 
chemical study has been made of the system CaO-P,0;-HCI=-H,O, and of the 
solid phases obtained under various donditionact® Ate 25° theremareene 
crystallization fields corresponding to the products (1) CaHPO,, (2) Ca 
(H,PO,),,H,O, (3) Ca(H,PO,),,CaCl,,2H,O (a new double salt), (4) CaCl,,6H,O 
and (5) CaCl,,4H,O. If the hydrochloric acid concentration is above 19+7% it 
will convert phase (2) to phase (3), but belowthis concentration it is unable to 
react with (2). At 40° phase (4) is missing. 

Hydrogen chloride forms interesting addition compounds with the an-— 
hydrous sulphates of certain metals. The ability to form such complexes 
depends upon the electronic structure of the metal, since they are formed by 
sulphates of the metals Cu, Ag, Zn, Cd, Hg, Tl, Sn, Pb, Sb and Bi, but not by 
the sulphates of the alkali metals, he alealine aren meals Al, La, Ce, Mn, 
Fe, Co or Ni.**” Using the long form of the periodic table it fe Bossible to deaw 
a clexr dividing line between these two groups of metals. The complexes are 
quite distinct from the double salts obtained on crystallization of alkali metal 
sulphates in the presence of hydrochloric acid.*****° One molecule of sul- 
phate takes up two molecules of hydrogen chloride, except in the case of 
zinc sulphate, which forms ZnSO,,HCl.° Reaction occurs at a temperature 
peculiar to each salt; the sulphates of cadmium, copper and silver take up 
two molecules of hydrogen chloride at room temperature, whereas lead and 
zinc sulphates must be cooled. Mercuric sulphate absorbs little hydrogen 
chloride at room temperature, but absorption becomes violent at 125° When 
treated with concentrated sulphuric acid, the complexes decompose at charac- 
teristic temperatures, and each compound has a characteristic temperature for 
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thermal decomposition; the compound HgSO, 2HCI shows the greatest resis- 
tance to heat. At the temperature of first decomposition, half a molecule of 
hydrogen chloride is still retained but may be driven off at a higher tempera- 
ture, so that other addition compounds may also exist. The compounds are 
probably 4-co-ordinate complexes, which in the case of divalent metals may 
be represented as H,[M.SO,Cl,]; the problem of their constitution appears to 
merit further consideration. The use of heavy metal sulphates (especially 
copper sulphate) has been proposed for the purification, storage and transport 
of anhydrous hydrogen chloride.****** This may be achieved by passing the 
dry gas (alone or mixed with non-reactive gases, e.g. air) through vessels 
containing the metal sulphate, alone or as infusorial earth impregnated with 
the salt. The hydrogen chloride is absorbed from the gas stream; it may be 


stored and transported in this form, and recovered by the application of heat to 
the vessel. 


REACTION WITH AMMONIA: CHEMICAL FOGS 


The part played by moisture in the combination of hydrogen chloride and 
ammonia gases, and the question whether combination occurs in the complete 
absence of moisture, is a subject of continued discussion.*** When the care- 
fully dried gases meet in a tube, Liesegang rings of ammonium chloride are 
formed, and moisture appears to play no significant part.*** From osmotic 
studies of dilute mixtures, the existence of an addition compound HC1,4NH;, 
has been postulated.*** If hydrogen is completely replaced by deuterium, the 
corresponding reaction ND, + DCl — ND,Cl takes place; the low temperature 
transition of the compound ND,Cl has been compared with that of ammonium 
chloride.**” The formation of ammonium chloride by gaseous reaction is 
considered to play an important role in the production of the fogs which are 
frequently encountered when hydrogen chloride is absorbed from a gas stream 
by bubbling through alkaline solutions; these fogs are strongly acid, and 
since they are difficult to absorb again, they can give rise to considerable 
errors in quantitative analysis. No fog is formed when air-HCl mixtures are 
bubbled through concentrated potassium hydroxide solutions, but with dilute 
sodium or potassium hydroxides a heavy fog often forms.*** This is attributed 
to traces of ammonia, the first step in fog production being the formation of 
ammonium chloride within the gas bubbles.**° The quantity of fog at first 
increases with increase in quantity of added ammonia, and then becomes 
constant. When a gas containing hydrogen chloride is bubbled through 
ammonium hydroxide solution, fogs are invariably formed.**® 


REACTION WITH DEUTERIUM 


Reaction between hydrogen chloride and deuterium gives rise to a number 
of equilibria, amongst which are the following:- 


1.D,+HCl = HD+DCl 


2.H,+DCl = HD+HCl 
3, H, + 2DC1= D, + 2HCL. 


Thermal exchange above 700°K. has been studied using a quartz reaction 
vessel; below this temperature platinum black has been used as catalyst. 


The reactions require about a day to reach equilibrium, and the constants for 


the various equilibria have been calculated.’"%** Reaction (1) is homo- 


geneous and bimolecular at temperatures up to 830°K. Above this tempera- 
ture, reaction can also take place by the agency of thermally dissociated 
atoms (a surface reaction) according to the chains D + HCl ~ HD + Cl, and 
Cl+D,— D+ DCI; the reaction D + HCl — DCI + H does not occur. 7 
The equilibrium constants for reaction (3) differ appreciably from unity,°” 
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and the heat of reaction is -1100 g.-cal./mol.*** Reaction (1), when photo- 
chemically initiated, is a chain reaction, in which the rate-determining step is 
the reaction D, + Cl ~ DC1 +D. Quantum yields of from 2 to 19 have been 
observed. A comparison of the proportions at the photostationary state with 
those at thermal equilibrium indicates that absorption by HCl is stronger than 
by DCl in the region 2000-2150 A.**” Deuterobenzene (C,D,) may also be 
prepared by an exchange reaction between benzene and deuterium chloride, 
using aluminium chloride as catalyst,*** and a range of partially deuterated 
benzenes by the decomposition of corresponding Grignard reagents by deu- 
terium chloride.**° 


REACTION WITH ORGANIC COMPOUNDS 


Discussion of the wide field of reactions of hydrogen chloride with 
organic compounds is not relevant here, but the breakdown of certain naturally 
occurring materials may be mentioned. The degradation of cellulose in the 
absence of water by hydrogen chloride in the liquid phase is not accompanied 
by swelling, and the lattice state is not affected, so that the process has been 
used to relate the chemical breakdown of natural and artificial fibres with the 
structure and lattice state of the fibres.*°° When solid rubber is exposed to 
gaseous hydrogen chloride at 25° and 1 atm. pressure, in the presence of the 
vapour of a rubber solvent, 30% of chlorine may be introduced in 50 hours. 
When vulcanized rubber is treated under similar conditions, 28% of chlorine is 
introduced in 30 hours; the product differs from that with unvulcanized rubber 
in that it is insoluble in benzene and chloroform, and resistant to decomposi- 
tion in ultra-violet light.*** The breakdown of potato starch by 2 N-hydro- 
chloric acid has been examined from the point of view of the structure of the 
particles formed.**? Gelatin and hydrogen chloride show chemical combination 
to the extent of 110 mg. HCl per gram of gelatin. On prolonged contact the 
gelatin darkens and decomposes and the hydrolysis products react further with 
hydrochloric acid.*** 


REACTION WITH METALS 


The vapours of sodium and potassium metals react with hydrogen chloride 
with displacement of hydrogen atoms. The reactions of atomic sodium with 
hydrogen chloride and deuterium chloride proceed according to the equations 
Na + HCl — NaCl + H, and Na + DCl — NaCl + D. The rates of these 
reactions have been measured by the diffusion flame method; the activation 
energies calculated from these rates are 6,100 and 6,400 kg.-cal. respectively. 
The difference between these values, 300 kg.-cal., is approximately equal to 
the difference between the zero point energies of hydrogen chloride and 
deuterium chloride in the initial and transition states.°°'*? The mechanism 
of these reactions has been considered in the light of probability and classical 
collision theory.**%** A considerable amount of investigation has been 
carried out on the rates of solution of pure metals, impure metals and alloys in 
hydrochloric acid. In reactions involving metal surfaces, the rate of reaction 
is determined primarily by the rate at which the reactive species in solution 
can reach the metal surface. This diffusion is in turn influenced by the 
products of reaction, so that the rates of such reactions depend upon the rate 
at which the acid solution is stirred, or on the rate at which the metal speci- 
mem is rotated in the solution. Many of the quantitative studies are of value 
for comparative purposes only, since they were not carried out under exactly 
similar conditions of stirring, and cannot be related to the mechanisms ofthe 
metal-solution reaction. In such cases, quantitative measurements of reac- 
tion rates are not normally quoted below. The influence of speed of rotation 
of specimen on reaction rate is shown clearly by the results for zinc and 
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magnesium*”° given in Table LVI. 


TABLE LVI.- EFFECT OF ROTATION SPEED ON RATE OF SOLUTION 
OF ZINC AND MAGNESIUM IN HYDROCHLORIC ACID 


| Rate of Rotation Zn dissolved Mg dissolved 
r.p.™. (mg./cm.?/5 min.) | (mg./cm.?/5 min.) 


The zinc cylinder was 1:88 cm. long, 2°44 cm. in diameter, immersed in 
0:0142 N-hydrochloric acid containing 0-05 molar potassium nitrate as de- 
polarizer, at 25°; the magnesium cylinder was 25 cm. long, 2+16 cm. in dia- 
meter, immersed in 0:0071 N-acid at 25°. The reaction rate shows no sign of 
becoming constant even at the highest rotation speeds, and diffusion of active 
species to the surface is clearly the rate-determining process. It is important 
in measurements of this type that the metal surface should move with respect 
to the solution; measurements in which the containing vessel, rather than the 
specimen, was agitated suggested that the reaction rate between magnesium 
and hydrochloric acid became constant at rotation speeds exceeding 220 
r.p.m.?”* The mean value of the 10° temperature coefficient of reaction rate, 
kns0/k,,°, is 1-29; this value is typical of diffusion processes rather than of 
chemical reaction.’”° - Consistent with this, the reaction rate is inversely 
proportional to the viscosity of the medium. A zinc cylinder was rotated at 
4000 r.p.m. in a solution of 0-007 N-hydrochloric acid (containing 0-05 molar 
potassium nitrate as depolarizer); the viscosity of the acid alone (7) was 
altered by the addition of sugar, and the rates are shown in Table LVIL. ig 


TABLE LVII.- INFLUENCE OF VISCOSITY ON THE RATE OF 
SOLUTION OF ZINC IN HYDROCHLORIC ACID 


-Concn. of added aw Zn dissolved 
sugar (molar) Ne? | (mg./em.?/5 min.) 


Depolarizers (such as potassium nitrate or hydrogen peroxide) appreciably 
increase the reaction rate (Table LVIII).*”° 

Somewhat different features arise in the magnesium reaction when the 
hydrochloric acid is dissolved in a mixture of methyl alcohol and water. The 
reaction is first order with respect to hydrochloric acid concentration over the 
concentration range studied (0-005 M. to 0-087 M.) and over the temperature 
range -60° to 25°. The temperature coefficient is approximately 1+5 and the 
energy of activation 45 kg.-cal.; the mean rate constant is 1-5 at 25 and 
0:61 at -60° These values, and the profound effect of rotation speed on 
reaction rate, indicate that the reaction is again diffusion controlled. The 
presence of depolarizers such as potassium nitrate or nitroethane has a 
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TABLE LVII.- INFLUENCE OF DEPOLARIZERS ON THE RATE 
OF SCLUTION OF ZINC IN HYDROCHLORIC ACID 


Zn dissolved at 1600 r.p.m. 
(mg./cm.2/5 min.) 


(b) solution containing 


(a) no depolarizer 0.05 M-KNO, or 


HCl concn. (N) Oreeent 


0-04 M-H,O, 


relatively negligible effect on reaction rate.*’* The reaction rates of mag- 


nMesium in solutions of deuterium chloride in deuterium oxide are identical 
with those for hydrogen chloride in water at acid concentrations higher than 
0-05 M., but at lower concentrations the rate in deuterium oxide is rather 
higher. The electrode potential of magnesium in a DCl-D,0 solution is 
0-11-0-14 V. more negative than in HCI-H,O solutions.*” 

The velocity of reaction of sodium amalgam with hydrochloric acid, deter- 
mined by measuring the quantity of hydrogen evolved, is proportional to the 
concentration of acid, but has no relation to the composition of the amalgam. 
The velocity increases by a factor of 1+17 with each 10° rise in temperature.” 
The reaction velocity with metallic lithium has also been determined.*”®> The 
corrodibility of a magnesium-tin alloy in hydrochloric acid increases with the 
proportion of tin present, reaching a maximum corresponding to the compound 
Mg,Sn. The rate then decreases with further increase in tin content. With 
aluminium—magnesium alloys also there is a close relation between the reac- 
tion rate with hydrochloric acid and the phase diagram of the alloy.*”® 

The action of hydrochloric acid on aluminium presents a complex picture. 
Very pure aluminium is slow to dissolve in 2 Neacid, but dissolves more 
quickly in 5--10 Neacid. At higher acid concentrations a protective salt 
covering slows the reaction again.*’*7%** The reaction proceeds in three 
Stages: an initial passive period, then a period during which reaction velocity 
increases to a maximum value, and finally a period of constant or only slowly 
decreasing reaction velocity.*°%*** With impure aluminium, the reaction rates 
broadly depend upon the five factors discussed below:- 

(a) The percentage of impurity: when the total percentage of 
impurity is increased from 0-002 to 0+8%, the solution rate 
in 20% hydrochloric acid is increased by a factor of 
30,000.77 

(6) The nature of the impurity: platinum, iron and copper 
greatly accelerate the reaction rate, nickel, gold and mer- 
cury exert asmaller effect, while cadmium and silicon are 
without effect. The addition of as little as 6 x 10° g. of 
platinum salt to 5 N-hydrochloric acid accelerates the 
solution of aluminium.*”* A range of aluminium samples of 
different grades of purity has been similarly studied,.*”?*** 
With samples in the purity range 99-5 to 99-99%, the rate of 
solution was found to vary exponentially with hydrochloric 
acid concentration (in the dilute range) and to vary linearly 
with the concentration of aluminium chloride added to the | 
solution. **° | 

(c) The distribution of the impurity: the solid solutions which 
metallic impurities form with aluminium are the less homo- 
geneous the more quickly the metal is cooled, and under 
these conditions the rate of solution increases.**? The 
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ratecan also fluctuate during the course of the reaction as 
a greater or smaller number of particles of impurity are 
exposed to attack as the surface is dissolved away.'” 

(d) The formation of local electrical cells: the rate of solu- 
tion varies with the ease with which such cells are set up 
and thus on the extent to which the impurities are sepa- 
rated from the main bulk of the metal.*7**** 

(e) The film of oxide almost invariably present on the surface 
of the metal.**%* 

The effect of mechanical treatment of the aluminium influences the rate of 
attack by hydrochloric acid; the rates with annealed and hammer hardened,'*? 
cold rolled and annealed,**® rolled,*®® cast’®? and heated and quenched alu- 
minium*’’**** have been compared. The metallic structure of highly purified 
aluminium also affects its attack by hydrochloric acid. Immersion in 10% 
acid for 25-30 days leads to solution of metal at the grain boundaries; the 
rate of attack at the grain boundaries differs from that at the crystal faces, 
and therefore depends to some extent on the crystal orientation.**? Kinetic 
studies show that the rate of solution of pure aluminium in hydrochloric acid 
is only slightly dependent upon the rate of stirring of the specimen, and the 
temperature coefficient of reaction is 1*7 to 24 per 10° temperature rise.**® 
The suggestion has been made that undissociated HCl molecules take part in 
the reaction, since the addition of aluminium chloride to the solution de- 
presses dissociation but increases the reaction rate. However, this is not 
consistent with the fact that the rate of solution of aluminium in a 4 N, 
solution of acid in absolute alcohol (in which the acid will be less dis- 
sociated than in water) is less than in the corresponding aqueous solution;**’ 
it is difficult to deduce reaction mechanisms from experiments involving 
different media, since the diffusion rates at the surface will vary with the 
physical properties of the medium. 

Thallium metal dissolves in hydrochloric acid; it has a negative heat of 
reaction (~0-954 kg. cal.) and no hydrogen is evolved.*"? Many of the transi- 
tion metals react with hydrochloric acid; they will be discussed in the order 
in which they appear in the Periodic Table. Lanthanum and cerium dissolve 
more quickly in concentrated than in dilute acid, although the reverse is true 
for lanthanum (and aluminium) amalgam.**’ Titanium is only slowly dissolved 
by hot, concentrated hydrochloric acid: annealing increases its resistance, 
and annealed titanium is resistant up to 5% acid concentration at 35°, 3% at 
60°, and 1% at 100°. Zirconium resists corrosion in a wide range of acid 
concentrations.’°! Niobium has a high resistance to dilute acid, but is 
attacked by the hot concentrated acid, whereas tantalum appears to be resis- 
tant at all concentrations.’*? In 10 N-acid, chromium dissolves at first 
slowly, but on longer immersion reaches a constant solution rate which is the 
higher the greater is the acid concentration. At 40°, the induction period is 
less than one minute. Up to concentrations of 7-75 N. the solution rate 1s 
said to be independent of rate of stirring. The electrode potential (H scale) 
is 0-59 + 0-01 V., and this is also practically independent of stirring rate. 
These facts, together with the observation that the 10° temperatute co- 
efficient is greater than 2, indicates that diffusion is not the rate-determining 
step in the case of chromium. In hydrochloric acid stronger than 10 N. the 
solution rate increases with stirring rate.’°* In the vapour phase chromium 
reacts with hydrogen chloride according to the equation Cr (solid) + 2HCL— 
CrCl, + H,. The equilibrium constant Xp for the reverse of this reaction was 
found by passing a gaseous mixture of hydrogen and hydrogen chloride over 
heated chromium metal, and analysing the condensate; for EXO (gas), Kp is 
2-5 at 879° and 2-0 at 930°, and for CrCl, (liquid), Kp is 6 x 107° at 879° and 
12 x 107° at 930°.1% Molybdenum and tungsten are scarcely attacked by 
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hydrochloric acid up to 30% concentration at room temperature, or by boiling 
10% acid, but are not resistant to boiling 20% acid.*?*° 

Most of the work on the attack of hydrochloric acid on iron is concerned ~ 
with the effect of other added metals on the corrosion resistance (see page 
470) and only a limited number of measurements have been made with the pure 
metal.'9749° Table LIX shows the variation in rate of solution of iron with 
period of immersion in 0-5 N-hydrochloric acid.** 


TABLE LIX.- RATE OF SOLUTION OF IRON IN 
0-5 N-HYDROCHLORIC ACID 


: i ee i 


With varying acid concentration, an approximately linear relation exists 
berween thei soluctonttate anderhe activity of the acid.’®? The microcalori- 
metric method has been applied to the study of the influence of acid concen- 
tration and surface character on the thermal effects of dissolving pure (Armco) 
iron in hydrochloric acid.” If oxide films are removed from the surface of 
iron by preliminary pickling in N-hydrochloric acid, the subsequent initial 
solution rate in the acid is increased, but creg filing of the surface gives 
rise to a much higher initial solution rate. High purity Armco iron has a 
consistently higher solution rate than soft iron.”* Examination of the metal 
surface by electron diffraction shows that when iron is treated with cold 
concentrated hydrochloric acid, the surface carries a film of the oxide Fe,0, 
or y-Fe,0,; treatment with hot dilute acid gives an almost pure iron surface, 
with only a slight indication of oxide formation.”°* The solution rate of iron is 
appreciably reduced when the acid contains dissolved stannous chloride. 
This inhibitory effect diminishes as the concentration of hydrochloric acid is 
increased, and is insignificant at acid concentrations exceeding 5 N.*° The 
presence of gelatin, starch or saponin in solution has a protective effect on 
the iron; a porous gel-like film is formed on the metal which retards the 
passage of ions and lowers the rate of solution,** The presence of traces of 
hydrogen chloride in a moist atmosphere accelerates the rusting of iron, and 
this rapid rusting continues after the iron is removed from contact with the 
acid. The ferric chloride initially formed is believed to have a catalytic 
action, and to assist rusting by the formation of intermediate chloro-hydroxy 
complexes.” 

Although the platinum metals are not readily attacked by hydrochloric 
acid, platinum black or sponge will dissolve completely if stirred in hydro- 
chloric acid at high air pressure.”*° The rate of solution increases with 
increase in acid concentration, pressure and temperature. Platinum, palla- 
dium, iridium and rhodium will dissolve in hydrochloric acid if hydrogen 
peroxide is present, especially if the pressure is increased; this is no doubt 
due to initial attack on the metal by chlorine liberated by oxidation of hydro- 
chloric acid by the peroxide. Above 200° the rhodium and iridium solutions 
decompose, redepositing the metal.*°° When platinum black is used as a 
catalyst in the oxidation of hydrogen chloride to chlorine by air, the side 
reaction Pt + Cl, + HCl — H,PtCl, also occurs to a small extent. Other 
platinum metals act in an analogous manner.”°” 

Copper evolves hydrogen with concentrated hydrochloric acid, and elec- 
trode potentials in this system have been measured.”® Attack by hydro- 
chloric acid is facilitated by the ability of copper to form the ions CuCl, , | 
CuCl,” and CuCl,. The equilibrium constants for the reaction Cu” + 2Cl” 
= CuCl," , and Cut + 3Cl” = CuCl,” are 5 x 10% and 1 x 10°*.%* Hydrogen 


Loss in wt. of iron 
(g./square metre) | 

Immersion period 

(mins. ) 
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chloride gas attacks copper, with liberation of hydrogen. The addition of one 
molecule of ammonia to fifteen molecules of hydrogen chloride increases the 
reaction tate a hundredfold, owing to the ease of formation of the complex 
NH,-Cu-Cl. In boiling concentrated hydrochloric acid solutions, silver is 
not appreciably attacked below the air-line. Protective films, probably of 
silver chloride, are formed which are stable when the metal is completely 
immersed and the acid saturated with silver chloride. However, there is 
appreciable attack in the vapour phase, and if the metal is partly immersed in 
the concentrated acid there is strong corrosion at the air-line.7*° Gold dis- 
solves in concentrated hydrochloric acid in the presence of oxidizing agents 
such as nitric acid (as in aqua regia) or hydrogen peroxide.*°© The reaction 
is again no doubt due to the initial production of free chlorine. The electro- 
chemical behaviour of gold in solutions of chloroauric acid (HAuCl,) in hydro- 
chloric acid has been studied. The strong polarization in these solutions 
can be decreased considerably by increase in temperature and acid concen- 
tration.””* 

Reference has already been made to the influence of stirring rate, solution 
viscosity and depolarizers on the rate of solution of zinc in hydrochloric 
acid. The rate of solution of pure zinc in 0+5 N-acid is lowered by the addi- 
tion to the solution of hydrocyanic acid, which appears to react directly with 
the metal. Thiocyanic acid, potassium thiocyanate and carbon disulphide 
catalyze the reaction, but thiourea and sulphur dioxide are without effect.??? 
As with many other metals, the rate of solution of zinc decreases as the 
metal is highly purified; this has been demonstrated for exceptionally pure 
zinc of 99:9999% purity.”** The products of corrosion of zinc have been 
examined by electron diffraction study of the metal surface. Using a normal 
solution of hydrochloric acid, the corrosion product consists of minute cry- 
stals of zinc chloride which have well-developed planes bonded by van der 
Waals’ forces. Using 10 Neacid, the zinc chloride crystals are larger and do 
not show association in planes.”* Rates of corrosion of an aluminium=zinc 
alloy have been measured over the concentration range 1=- 37% of hydrochloric 
acid; the corrosion rate is a maximum at 25% acid.”5 Cadmium metal dis- 
solves very slowly in dilute hydrochloric acid, but at a readily measurable 
rate in solutions above 6 N. There is an initial induction period, but if the 
sample is activated by immersion for 24 hours in concentrated acid the induc- 
tion period almost vanishes and the metal begins to react at a constant 
velocity. In the absence of dissolved oxygen, the reaction is first order with 
respect to acid concentration. From the change in rate at different chloride 
ion concentrations (produced by adding sodium chloride) the reaction CdCl,* 
+ CdCl* —> 2CdCl, + Cl” has been postulated as the rate-determining step.** 
However, the rate of solution is not independent of dielectric constant, 
viscosity or stirring rate, so that diffusion is also a major factor. A sur- 
prising feature is the large negative temperature coefficient of reaction; each 
5° rise in temperature decreases the reaction rate by a factor of 10.%° The 
surface of the cadmium becomes coated with a black deposit at higher tem- 
peratures, which is ascribed to the dissociation of the ionic. species Cag iin: 
When cadmium is alloyed with small quantities of platinum (0-5=-1-0%) or gold 
(1-0%) the solubility rate is increased. Alloying with 0°8% of copper alters 
the rate very little.”” Although mercury is not attacked by hydrochloric acid 
in the absence of oxygen, calomel and hydrogen peroxide, are produced in the 
presence of oxygen: 2Hg + 2HCl + O, > Hg,Cl, + H,0., and 2Hg + 2HCl + 
H,O, > Hg,Cl, + 2H,O. In the initial stages of the reaction the calomel and 
hydrogen peroxide are produced in equivalent quantities. If the acid concen- 
tration is maintained and the mercury well shaken, the consumption of oxygen 
is constant. The unit HO,, and an active layer of hydrogen on the metal 
surface are postulated as probable intermediates in the reaction. ”* 
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The thermodynamics of solutions of the transuranic elements in hydro- 
chloric acid have recently been investigated.****** The heat of solution of 
plutonium metal in 6 N-hydrochloric acid is -141-64 kg.-cal./mol.”” 


CORROSION 


Since iron has been the metal most readily available for construction and 
storage purposes, much investigation has been carried out on the influence of 
other added metals on the corrosion of various forms of hard and mild steel, 
and cast iron, by hydrochloric acid. Such additions normally increase the 
resistance of iron to corrosion, but to widely differing extents, and several 
such alloys are claimed to be completely resistant. Quantitative studies on 
the corrosion of iron alloys by hydrochloric acid have been made on alloys 
containing nickel,??%?** silicon,??”??*° manganese,”? chromium,” silicon 
and manganese,”? chromium and nickel,”** molybdenum and silicon,”*»?*° 
molybdenum, silicon and nickel,”*° and on alloys containing nickel, chromium 
and copper together with silicon,””” manganese and antimony,””* and molyb- 
denum and antimony.””* With both cast iron and steel, the corrosion increases 
regularly with acid concentration.”* Cast iron containing 34% of chromium is 
stable against hydrochloric acid of not over 0°:5% concentration at tempera- 
tures up to 60°, whereas on reducing the chromium content to 14%, the alloy 
is no longer resistant to this acid.?* The corrosion of steels containing 
much silicon is accelerated more by increase in temperature than by increase 
in acid concentration; resistance to corrosion in the presence of several 
metals is not additive, since adding molybdenum to silicon steels can increase 
the stability towards hydrochloric acid tenfold, whereas adding nickel has 
little effect.2° Tungsten has an effect similar to that of molybdenum. The 
resistance of iron, manganese, molybdenum or tungsten, separately or mixed, 
to hydrochloric acid is enhanced by alloying with one or more of the Group 5 
elements arsenic, antimony or bismuth.*** Electron diffraction studies of the 
surface of iron-tungsten and iron=molybdenum alloys which are resistant to 
attack on immersion in hydrochloric acid show that the surface becomes 
covered compactly with fine crystals of tungsten or molybdenum dioxide.**??** 
X-Ray diffraction has been used to study the processes involved in the 
corrosion of iron, nickel, cadmium and zinc by air containing hydrochloric 
acid vapour.7** 

Nickel alloys show pronounced resistance to hydrochloric acid. Nickel- 
base alloys containing carbon, silicon, iron, chromium, manganese, molyb- 
denum, tungsten, copper and aluminium are 20 times more resistant than lead, 
and certain of the alloys can withstand the action of boiling concentrated 
acid.*** Alloys containing 30% of molybdenum (or molybdenum and tungsten), 
but no chromium, are little attacked by the pure acid, but are readily attacked 
in the presence of oxidizing agents such as ferric chloride, nitric acid or 
dissolved oxygen. This is prevented by the addition of chromium, and alloys 
containing more than 15% Cr and 7% Mo are resistant to attack by hydrochloric 
acid even in the presence of oxidizing agents.’°* Corrosion rates for 42 
nickel alloys containing the metals tantalum, titanium, zirconium, and vana- 
dium in addition to those mentioned above, have been measured and com- 
pared.**© Monel metal (30% Ni, 70% Cu) is resistant to hydrochloric acid at 
concentrations up to 5%, but higher acid concentrations are very corrosive, 
especially when hot.7°%797 

The corrosion of tantalum=-molybdenum alloys varies with the alloy com- 
position. Molybdenum-rich alloys are attacked by concentrated hydrochloric 
acid at 50°, whereas corrosion is negligible in alloys containing more than 50 
atomic percent. of tantalum.”**® The corrosion of cadmium=-magnesium alloys 
by 0-01 N-hydrochloric acid also varies in type with change in alloy com- 
position.” Silver alloys (e.g. 80% Ag, 20% Al + Mn) have a strong resistance 
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to corrosion, *°** 


platinum, gold or silver alloys has been considered.7*? 


471 


and the protection of iron, steel and copper by plating with 


The degree of corrosion of metals by hydrochloric acid may be reduced by 


the use of inhibitors dissolved in the acid. 


The phenolic compounds obtained 


by alkaline extraction of crude petroleum inhibit the corrosion of metals, 


particularly steel.”** 


Quinoline (0°5%) has this inhibiting effect on the 


corrosion of iron at 20°, but the effect is not observed at higher tempera- 


2 5244.2 
tures; ied 


addition of quinoline and potassium ferrocyanide.*“* 
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SECTION XVI 
COMPOUNDS OF CHLORINE WITH BROMINE AND IODINE 
By N.N. GREENWOOD 
BROMINE MONOCHLORIDE 


After more than a century of controversy (Mellor,II,115) the existence of 
bromine monochloride is now firmly established.”* The compound has a 
characteristic absorption spectrum in the ultra-violet, visible and micro-wave 
regions, as well as an individual Raman spectrum, Evidence for the exis- 
tence of bromine monochloride is also given by a study of the reactions of 
mixtures of chlorine and bromine with organic compounds. 

Bromine monochloride may be prepared by direct reaction of chlorine and 
bromine either in the gas phase (equation 1) or in carbon tetrachloride solution 
(equation 6). The free halogens themselves may be used for reaction (1) or 
they may be generated in the system by reactions of the type (2), (3) and (4). 
Reaction (10) has also been used to prepare the compound. 

Bromine monochloride is an orange-red gas which is appreciably dis- 
sociated into its elements:- 


BrCl = ¥%4Br, + 4Cl, (1) 


Because of this dissociation and the fact that chlorine, bromine and bromine 
monochloride appear to form continuous solid solutions with each other, the 
phase diagram of the system gives no information about the compound: 
Estimates of the equilibrium constant for reaction (1) vary considerably. 
Early work on the absorption of visible light by chlorine, bromine and their 
gaseous mixtures* suggested that K = pg , PG, /PBrcl = 0:+354 to 0+363. 
Similar measurements” gave values between O 316 and 0-469 at room tempera- 
ture and, from experiments at five temperatures between 0° and 230° C., it was 
concluded that 


log K = 0:09 = 660/(4:57T), + 0-05. 


Later work improved the correction for light absorption by bromine monochloride 
at the wave-lengths used, but failed to produce consistent results. The 
values obtained by the extinction coefficient method are summarized in 
Table I. 

The dissociation constant of bromine monochloride has also been deter- 
mined from the high-temperature equilibria between metal halides and the 
halogens. Thus a study of the equilibrium:- 


¥Cl, (g) + KBr (1) = KCI (1) + AB, (g) (2) 


at 800°C. led to values of the dissociation constant of bromine monochloride 
between 0336 and 0-376 with a mean value of 0-349 + 0-014.*° Other molten- 
salt pairs which have been used at 500° and 800°C. are NaBr-NaCl, AgBr- 
AgCl and PbBr,-PbCl,.** At lower temperatures equilibrium concentrations of 
chlorine and bromine | have been maintained by the dissociation of nitrosyl 
chloride and bromide:-* 


NOCI (g) = NO (g) + 4Cl, (g) (3) 
NOBr (g) = NO (g) + 4Br, (g) (4) 
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TABLE I. - DISSOCIATION CONSTANTS FOR BrCl (g) = Br, (g) + Cl, (8) 


Were: 
K = PBr, PCL, /P src 


extinction coefficient A 0-359 + 0-005 
extinction coefficient ; 0-393 + 0.077 
extinction coefficient 3 0-347 + 0-015 
extinction coefficient — 0-327 + 0-003 
extinction coefficient i 0-380 + 0.004 
system (KC1,KBr))(Br,,Cl,, Brcl) g 0-349 + 0.014 
system (AgCl, AgBr))(Br,,Cl,, BrCl) g 0-364 
and other salt pairs 0-347 + 0.007 
system (NOCI,NOBr, Br,,Cl,, BrCl) ¢ 0-385 + 0-015** 
spectroscopic 0-132 
spectroscopic 0-3376 


* 


r.t. = room temperature. 


** mean of 21 values between 0-331 and 0-436 at temperatures 
between 159° and 218°C, 


From the known equilibrium constants of reactions (3) and (4), together with 
the total pressure and composition of the system, the dissociation constant of 
bromine monochloride can be calculated. The method suffers from the large 
corrections which are necessary for gas imperfections especially at low 
temperatures, and uncertainties from this cause obscure the slight trend of 
values with temperature. In one particular experiment at 100°C., the un- 
corrected value of K = 2:21 was reduced to 0:316 when gas imperfections had 
been allowed for. The correction is less serious at 218°C. and atypical 
correction reduced the dissociation constant from 0449 to 0-424. The 
results obtained from these various equilibrium systems are summarized in 
Table I. The values are very similar to those obtained at room temperature 
by the extinction coefficient method. 

A third method of calculating the dissociation constant of bromine mono- 
chloride has been the application of statistical mechanics to spectroscopic 
data.**** Complete data are not available, however, and estimated values 
for the anharmonicity constant and internuclear distance were used. In 
addition, there is no spectroscopic value for the heat of dissociation of 
bromine monochloride; thermochemical values vary widely and the derived 
dissociation constants reflect the particular value of the heat of dissociation 
adopted. Of all the values listed in Table I, the figure given by Ref. 14, 
although not unexceptionable, is preferred. Table II lists the complete 
results** for the equilibrium (1) between room temperature and 2000°K. The 
calculations use 430 cm** for the fundamental frequency; values for the 
anharmonicity constant and internuclear distance were estimated as 1-684 
cm:* and 2-11 A. (the accepted*® micro-wave value is 2+138 A.) and the heat of 
dissociation at absolute zero was taken to be -233 g.-cal. mole". The 
results refer to the ideal gaseous state with normal isotopic abundances at 1 
atm. pressure, and were obtained on the rigid-rotator, harm onic-oscillator 
approximation neglecting nuclear spin entropy and the entropy of isotopic 
mixing. Table II also lists values for the heat content and free energy 
changes in reaction (1) as well as the corresponding figures for the dissocia-. 
tion of bromine monochloride into atoms:- 


BrCl = Br + Cl (5) 


It will be seen that the equilibrium constant for dissociation into molecular 
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TABLE II.- DISSOCIATION OF BROMINE MONOCHLORIDE”™* 


BrCl = 4Br, + 4Cl, 


ABST 2):ANGS/E Lome 
(g.-cal.deg.*mole) |“ = PBr, PCL, /P Bech 


0-80286 | 2-1578 


0°3376 


0-80122 | 21527 0+3385 
0-59370 | 1-9542 0-3740 
0°47205 | 1-8356 0-3971 
0-39203 | 1°7574 0-4130 
0°33376 | 1-6913 0-4290 
0- 29405 | 1-6590 0-4340 
O- 26214 | 1-6244 0-4416 
0-23675 | 1-6002 0.4470 
0-19967 | 15653 0+4549 
0-17303 | 1.5319 0-46 26 
0-15498 | 1-5096 0°4678 
0-14109 | 1-5000 0-4701 
0- 12995 0°4753 


BrCl = Br+cl 


_AHY/T | AGYT 
K = pp, -Pcr/PBrcl 


(g.-cal.deg.“*mole *) 


298 16 175-12 9-142 x 10°* 
300 174-06 | 150-09 1-580 x 10735 
400 130-98 | 106-51 5-278 x 10724 
500 105-12 80+ 273 2-860 x 10728 
600 87°869 | 62728 1°954 x 10714 
700 75°539 | 50-158 1-092 x 10722 
800 66-286 | 40-702 1-272 x 107 
900 59-085 | 33328 5-203 x 1078 
1000 53321 | 27-412 2777 x 10°76 
1200 44-673 | 18507 9-023 x 1075 
1400 38-495 | 12-104 2-263 x 1073 
1600 33-862 703397 2-488 x 1072 
1800 30-258 3-5080 1¢711 x 1074 


2000 27373 0°4741 


7°878.x 1071 


chlorine and bromine varies but little with temperature, whereas the dissocia- 
tion into atoms depends strongly on temperature: it is negligible at room 
temperature but above 1650°C. it predominates over dissociation into mole- 
cules. The results show that at room temperature the degree of dissociation 
of bromine monochloride is 40+3% and that this increases to 46-4% at 500°C. 
For temperatures below 25°C. the equilibrium constant and free energy change 
for reaction (1) may be estimated from the relations: -4:578T log K = AG°= 
AH° - TAS® = 239 + 1+355T. 

The heat of formation of bromine monochloride from its elements has not 
been satisfactorily determined owing to its small magnitude and the wide 
variation in experimental values for the equilibrium constant at different 
temperatures. Values suggested for the heat of formation according to the 
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reverse of equation (1) include 0,*? -54,*° -135,!? -138,1! -156,° -170,° ~300,*° 
-375,° and -660° g.-cal. mole. A critical survey of the relevant data, 
together with a partial evaluation of spectroscopic data’? suggests that, at the 
absolute zero, Af? = -233 g.-cal. mole’ is the most acceptable value. The 
thermodynamic constants of bromine monochloride, based on this figure and 
calculated on the assumptions mentioned earlier, have been evaluated.** 
Values for the heat capacity, entropy, free energy and heat content of bromine 
monochloride are set out in Table III. In using these figures and those in 
Table II it should be remembered that the retention of four or five significant 
figures merely serves to establish a consistent set of values at the various 
temperatures and in no way reflects the absolute accuracy of the quantities 
involved which may be uncertain even in the second significant figure. These 
results supersede the earlier data:-'7!® 


Cp° = 8-92 = 0-50 x 108T"? | | 
Hp = HSyy4g = 8+92T + 0°50 x 10°T™ = 2827 (298%T°K.<16009) 
S3os-16 = 57°36 + 0-10 g.-cal. mole”* deg." 


TABLE III.- HEAT CAPACITY, ENTROPY, FREE ENERGY AND 
HEAT CONTENT OF BROMINE MONOCHLORIDE™ IN 
G.-CAL. MOLE”? DEG.” 


298-16 576339 49-783 
300 57390 49-829 
400 59+840 52039 
500 61-779 53-800 
600 63-383 55+267 
700 64-749 560527 
800 65-938 57-630 
900 66-991 58-612 
1000 67-936 59-499 
1200 696577 61-051 
1400 70-969 62366 
1600 726179 63-519 
1800 73+ 250 64-542 


2000 74-210 65-461 


The existence of bromine monochloride in gaseous mixtures of chlorine and 
bromine, which was established by spectrophotometric measurements” and by 
an analysis of its band spectrum in the vacuum ultra-violet,*” has been con- 
firmed by measurements in carbon tetrachloride solutions.*”** Typical results 
are shown in Fig. 1 which represents the molar absorbency of solutions of 

chlorine, bromine and their equimolar mixtures.** The observed curve for 
bromine monochloride is quite different from that obtained by adding the 
curves for chlorine and bromine. Similar measurements on solutions con- 
taining three moles of chlorine to one mole of bromine indicate that the hypo- 
thetical compound bromine trichloride is completely dissociated into the 
monochloride and chlorine under these conditions.” 

In carbon tetrachloride solution the absorption maximum of bromine mono- 
chloride is at 370 mp?%® (or 380 my”) and the maximum molar absorbency 
index is 135.22. Estimates of the equilibrium constant for reaction (6) vary as 
widely as those for the corresponding gas-phase dissociation (1):- 


BrCl (in CCl,) = 4Br, (in CCl,) + 4Cl, (in CCL,) (6) 


The original results” ranged from 0-37 to 0-70 with a mean value of 0-52 + 
0-11 for K = (Br, 1¥(Cl,14/tBrcll. This value was later® reduced to 0-42 and 
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Fig. 1. MOLAR ABSORPTION OF CHLORINE, BROMINE AND BROMINE 
MONOCHLORIDE 


Se 


subsequent work gives the dissociation constant as 0-381 + 0-008, corres- © 


ponding’ to a degree of dissociation of 432% at 25°C. Similar measurements 
at 15° and 10°C. gave essentially the same results.”* 

The thermodynamic constants of bromine monochloride in carbon tetra- 
chloride have been evaluated from calorimetric measurements.*® When the 
most recent value for the dissociation constant is used, the heat content, free 
energy and entropy of formation according to the reverse of reaction (6) become 
AF pos-ie = 7312 ge-cal., AG3o616 = 7572 ge-cal., and AS 708-16 = 0872 g.-cal. deg?? 

The Raman frequency of bromine monochloride in carbon tetrachloride has 
been detected by using the helium 6678 A. line as exciting radiation.” The 
first vibrational frequency lies at 428 + 2 cm?’ which is close to the value of 
430 cm** used for the spectroscopic calculations in the vapour state. 

Precise determinations of the m.p. and b.p. of bromine monochloride are 
prevented by its pronounced dissociation. Values obtained from melting- 
point and boiling-point curves at equi-atomic ratios of chlorine and bromine 
are not to be regarded as constants of the pure compound; rather are they 
equilibrium temperatures for phase changes of the type:- 


(Cl, + Bry + BrCl)solid solution —> (Cl, + Br, + BrCl )tiguid solution 


For this reason, values” of m.p. -66° and b.p. +5°C. do little more than indi- 
cate approximately the temperatures between which dissociating bromine mono- 
chloride exists as a liquid phase. Thus, the vapour pressure of a liquid of 


overall composition Br:Cl = 1:1 reaches 760 mm. at -5°, but a temperature of — 


+36°C. is required before the vapour above the liquid attains the same com- 
position.”* By low-pressure distillation of equal parts of chlorine and bromine 
between ~70° and -90°, it has been claimed that bromine monochloride may be 
obtained as an ochre-yellow solid which melts sharply at ~54° to a dark orange- 
red liquid.*” The vapour pressure of bromine monochloride prepared in this 
way is presented in Table IV. 
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TABLE IV.- VAPOUR PRESSURE OF SOLID AND LIQUID 
: BROMINE MONOCHLORIDE” | 
i. 69 
Ss A A 
From the linear plots of log pagainst 1/T°K. it would appear that the latent 
heats of sublimation, evaporation and fusion are approximately 10-7, 8-3 and 
2:4 kg.-cal. mole™; the extrapolated ‘b.p.’ is +1°C., and the triple point 
pressure 14 mm. However, when the preparation is warmed above -50°a 
small amount of solid bromine separates on the surface of the liquid and the 
vapour also dissociates rapidly.*” Extrapolation of the data in Table II 
suggests that, even at -83°C., the degree of dissociation of bromine mono- 
chloride vapour is 35%. 

The dipole moment of bromine monochloride has been estimated as 0:57 + 
0-02 D. from the micro-wave spectrum of the gas.** The same measurements 
give the bond length Br-Cl as 2-138 A.** The percentage ionic character of 
the bond is calculated to be 5-6% from nuclear quadrupole coupling con- 
stants;*? an estimate” from electronegativity differences gives 10%. 

The normal electrode potential of bromine monochloride at 25-00°C. is 
-1-1548 + 0-0005 V. in 6-079 N. aqueous hydrochloric acid, referred to a hydro- 
gen electrode in the same solution.*® In 3-997 N-hydrochloric acid the normal 
potential is 1-221 + 0-001 V. The measurements were made with cells of the 
type:- | | 


(~Pt,H,|H,|HCl + Cl, + BrCl + Br7|Prlr +). 


If the concentration of bromine is 1 M., then 2+4% of the bromine is converted 
into bromide ion and bromine monochloride when the acid strength is 6 N., and 
2°8% is converted in 4N-hydrochloric acid. If the bromine concentration is 
0-01 M., then the conversion is 20% in 6 N. and 18+5% in 4N-hydrochloric acid, 
and this percentage continues to increase until, at infinite dilution of bromine, 
the reaction approaches completion.*° For both concentrations of hydrochloric 
acid the equilibrium constant for bromine monochloride is given by K= 
[Br,]“[c1,]4/[BrCll = 0-0179 + 0-0005. This is much smaller than the values 
for the free gas or its solution in carbon tetrachloride and implies that bromine 
monochloride is more stable in hydrochloric acid solution (a = 3+5%) than as a 
gas (a = 40+3%) or as a solution in carbon tetrachloride (a = 43+2%). For 
reaction (7):- 


(Y4Br, + Cl” = 4Cl, + Br Din ag HA (7) 
the equilibrium constant in 6 N-hydrochloric acid is:- 
K =(c,)“[3rV/ilbr,|Z0cr}} = 1-73 x 10°; 


in 4 Neacid K = 2-36 x 10° *° The hydrolysis constant of bromine monochlor- 
ide in water® is 2:94 x 10°° at 0°C. 


CREMICAL PROPERTIES OF BROMINE MONOCHLORIDE 


When chlorine and bromine are mixed several seconds elapse before the 
colour change is completed.” The reaction is also slow in carbon tetra- 
chloride solution but appears”® to be instantaneous in water, or in ether or 
chloroform even at -78°C. The reaction is photosensitive**” and, in the 
absence of light, may take several days to attain equilibrium.* Kinetic 
studies show?” the dark reaction to be bimolecular and homogeneous with an 
activation energy of about 14 kg.-cal. mole™?, Later work implies that the 
wall has a marked effect on the velocity of the dark reaction.” ‘The quantum 


yield of the light PAnetion. 1s (l= 2) % 10. 
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Bromine monochloride tetrahydrate, BrCl,4H,O, has beea prepared** as 
orange-red crystals by the action of chlorine gas on liquid bromine under water 
at O°C. The compound can be recrystallized from water at 14°C. It is stable 
at temperatures as high as 10° above the decomposition points of chlorine 
hexahydrate (9°C.) and bromine hexahydrate (6°C.). Bromine monochloride 
forms™ a 1:1 addition compound with pyridine, CsH;N,BrCl, m.p. 107- 108°C. 
The compound is obtained from carbon tetrachloride solutions as white crys- 
tals which are stable in dry air but decompose slowly in a moist atmosphere. 
Pyridine-bromine monochloride is decomposed by hot ethanol or acetone. ** 
Bromine monochloride also ferms addition compounds with the simple halide 
ions to give polyhalides (q.v.). The free energy changes and equilibrium 
constants of the following reactions in aqueous solution have been evaluated:** 


BrCl(aq.) + Cl°(ag.) = BrCl3(aq.); -AG3og = 33 kg.-cal.; K = 260 l.mole™ 
BrCl(aq.) + Br(agq.) = Br,Cl*(aq.); -AG}., = 38 kg.-cal.; K = 620 l.mole™ 
BrCl(g) + Cl°(aq.) = BrCl3(aq.); -AG},, = 43 kg.-cal.; K = 1-5 x 10°* atm<* 
BrCl(g) + Br°(aq.) = Br,Cl°(aq.); -AG2,, = 5°78 kg.-cal.; K = 5-8 x 107° atm<* 


The electron acceptor strength (acid strength) of bromine monochloride is 
considerably less than that of iodine monochloride but is slightly greater than 
that of iodine monobromide.** 

The products of reactions of mixtures of Seen and bromine with organic 
compounds have long been adduced as evidence for the existence of bromine 
monochloride (Mellor,II,115). The addition of equimolar mixtures of chlorine 
and bromine to cinnamic acid and its derivatives in non-hydroxylic solvents 
gives a-bromo-B8,§-chlorophenylpropionic acid and its derivatives rather than 
the dichloro- or dibromo-derivatives.** The reaction, more rapid than that of 
either chlorine or bromine alone, is bimolecular.*® Similar experiments with 
phenyl propiolic acids /Ph-Cic: CO, H, in carbon tetrachloride solution at 0°C. 
in the dark yield®’ only the dilorobroniarandien product, Ph.CCI:CBr.CO.H. 
The reaction is again bimolecular and more rapid than that with chionie or 
bromine separately, *7 When acetic acid is used as a solvent the results are 
more complicated.** Bromine monochloride in this solvent adds to cinnamic 
acid according to third order kinetics and simultaneous substitution side 
reactions occur. Comparison of rates, however, shows that bromine mono- 
chloride reacts some 400 times more rapidly than does bromine itself.** 

With aliphatic diazo compounds, mixtures of chlorine and bromine react 
rapidly and energetically to give the chlorobromo-product.*® Diazoacetic 
ester in carbon tetrachloride at 0° yields ethyl chlorobromoacetate (8), and 
benzoylphenyldiazomethane gives chlorobromodesoxybenzain (9):- 


N,CH.CO,Et + (Cl, + Br,) £4. CI8rCH.CO,Et (8) 
nich ph + (Cla + Bra) S$ Ph.CO.CCIBr.Ph (9) 


A careful analysis of the products of this last reaction leads to the conclusion 
that, under the conditions of the experiment, bromine. monochloride is 20% 
dissocied into chlorine and bromine.*® This implies a value of 0-125 for. 
the equilibrium constant of reaction (6) at 0°C. 

A conventent source of bromine monochloride for addition to Saricnecatbon 
double bonds is the reaction between N-bromoacetamide and concentrated 
hydrochloric acid:-*° 


CH;.CO.NHBr + HCl = CH,.CO.NH, + BrCl (10) 


The structures of the chlorobromides obtained suggest that bromine mono- 
chloride adds to double bonds according to a polar mechanism, in which 
positive bromine, Br”, is transferred to the double bond to form a complex 
bromonium ion which is attacked by the chloride ion Cl” to give the product.*® 
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IODINE. MONOCELORIDE 


Preparation. 

Iodine monochloride is usually prepared by the oxidation of an iodide in 
hydrochloric acid solution or by direct combination of the elements. It is 
also formed by the metathesis of chlorides with compounds containing uni- 


Beeestiotst (1), or the displacement of positive iodine from an ion-exchange 
resin (2). 


i ICN + HCl = HCN + ICI (1) 
I” (on resin) + KCl = K* (on resin) + ICI (2) 


The oxidants that have been used to prepare solutions of iodine monochloride 
in hydrochloric acid include potassium permanganate,*? chlorine water,**** 
dichloramine-7**** and potassium iodate.‘7*4 Thus, a molar solution of iodine 
monochloride was prepared by dissolving 110-7 g. of potassium iodide and 
71-3 g. of potassium iodate in 833 ml. of 6 N-hydrochloric acid and making the 
volume up to 1 1. with water.** The reaction may be used for the potentio- 
metric determination of iodate in 1-2 N-hydrochloric acid. There are two 
inflexions in the titration curve, indicating that the iodate is first reduced 
quantitatively to iodine monochloride and then to iodine:-™ 


2KI + KIO, + GHCI = 3ICl + 3KCl + 3H,O (3) 
3KI + 3ICl = 3KCl + 31, (4) 


The direct combination of chlorine and iodine may be carried out either in 
a solvent or without one. Chlorine has been added to a suspension of iodine 
in water or dilute hydrochloric acid**** or to a solution of iodine in acetic 
acid*® or chloroform.** A solution of iodine monochloride in carbon tetra- 
chloride may be prepared by passing pure, dry chlorine into a solution of 
iodine in carbon tetrachloride until yellow crystals of iodine trichloride begin 
to separate, and then aspirating dry air through the solution to remove excess 
chlorine.®* Alternatively, for small concentrations (10°*-107* molar), both 
halogens may be dissolved in separate portions of carbon tetrachloride and 
the solutions mixed.”” 

In the absence of a solvent, chlorine may be passed into a flask contain- 
ing iodine until the increase inweight indicates onlya slight excess of iodine. 
The product is then distilled at atmospheric pressure.“ This method suffers 
from the disadvantage that iodine monochloride is partially dissociated at its 
boiling point. For the preparation of highly purified iodine monochloride, a 
- weighed amount of solid iodine is added to about twice its molar equivalent of 
liquid chlorine in a weighed flask which is cooled in a bath of solid carbon 
dioxide and ether. The product is allowed to warm to room temperature in 
order to liberate any uncombined chlorine. The flask and its contents are 
then weighed and the amount of iodine required for stoicheiometry added. 
The impure product is allowed to stand in the liquid state for twenty-four 
hours and is then purified by two or three fractional crystallizations of the 
melt in an apparatus protected from atmospheric moisture.°**’ 


PHYSICAL PROPERTIES OF IODINE MONOCHLORIDE 


Recent determinations of the m.p. of iodine monochloride give values 
similar to those previously reported (Mellor,II,117). Values have varied 
between 26:9°C. and 27+3°C.°*** but the most reliable measurements on highly 
purified samples give 27+18°,” 27-19°°* and 27+20°," the last figure being the 
usually accepted m.p. The b.p. is less significant because of partial thermal 
dissociation and its value is generally quoted as a range of temperatures, e.g. 
104°- 105°C.;°® 100°- 102°C. Extrapolation of the v.p. curve above 70°C. 


leads®®" to a b.p. of 97°C. 


Refs. p. 510 


484. CHLORINE 16 


The vapour pressure of iodine monochloride as a solid, as a supercooled 
liquid, and as a normal melt has been measured®®5%°%7476 between -15° and 
70°C. The relation between the v.p. of molten iodine monochloride (mm. Hg) 
and the absolute temperature from 273°K. (supercooled) to 343°K. has been 
given as:- 


logy, p mm. = 8+5038 = 2079:7/T 


which corresponds to a heat of vaporization (AHyap,) of 9+ 52 kg.-cal. mole™ 
and a Trouton constant (ASyap,) of 25+5 g.-cal. deg.* mole™*. The v.p. so 
calculated lies between 5 mm. and 275 mm. and is some 1-10 mm. higher than 


the preferred values given in Tables V and VI.% These correspond to the 
equations:- 


solid a-ICl : logy) p mm. 
liquid ICl: log,, p mm. 


10-108 = 2578/T 
8-761 = 2174/T 


TABLE V.- VAPOUR PRESSURE OF IODINE MONOCHLORIDE 
(SOLID AND SUPERCOOLED LIQUID)" 


arr ere 1-2 s o 9-9] 143 20-4. 2893 
p mm. (lia.) 12 16:3] 21-9} 29-3 


gS VI. - a PRESSURE OF Se Te IODINE MONOCHLORIDE 


| 27.3 | 35 | 55 a 
a mm. oe 60) | 33-2 bee a 50-4 on & a a - 

p mm. (ref, 55) 48-0 | 6265} 81-0 | 103- 6 131 1-9} 166-0 
The relations lead to the following values of the hears of sublimation, vapori- 
zation and fusion:- 


AH subi, = 11-80 kg.-cal. mole™; AHyap, = 995 kg.-cal. mole™?; 
AH tus, = 1:85 kg.-cal. mole”; Trouton constant, 26+7 g.-cal. deg.“ mole”. 


These values are taken to supersede those calculated from the last line of 


Table VI: AHyap, = 10:22 kg.-cal. mole *; Trouton constant 27+3 g.-cal. deg.* 


mole”, 

The density of the unstable (8) modification of solid iodine monochloride 
is 3-66 + 0-01 g. ml‘? at O°C., corresponding to a molar volume of 44:3 ml.” 
The values for a-iodine monochloride are 3:86 + 0-01 g. ml?* and 42-1 ml., 
respectively. The @—>atransformation is therefore accompanied by a con- 
traction of 2:2 ml. (approx. 5%). These figures, however, may not be reliable 
as the same author finds the density of the liquid at 29° to be 3-10 g. ml-?, 
which is some 3% lower than other published values:- d{> = 3-184,°° 3-192,” 
3+199;°° di® = 3+159,°° 3-169;%° d&° = 3-166,°"* This large spread of values 
suggests that the density of pure liquid iodine monochloride has yet to be 
determined satisfactorily. 

The dynamic viscosity, 7, has been reported for a series of temperatures;”’ 
(alternative values are given in parentheses’®):- 


a. 25 35 . 45 50 
n centipoise 36729 3058 (3°052) 2°550 2°255 (2-015) 


From the linear graph of log 7 against the reciprocal of the absolute tempera- 
ture (excluding the values at 50°C.), the activation energy of viscous flow 
may be estimated as 3-6 kg.-cal. mole”. 

The specific electrical conductivity, k, of pure molten iodine monochloride 
has attracted much attention recently and arises from self-ionic dissociation 


Refs. p. 510 


16 COMPOUNDS WITH BROMINE AND IODINE 485 


according to the scheme:-? 


C= Tee IGl. (5) 


The thirteen published values****%5%7° for 35°C. fall in the range (4-52- 
5+70) x 107° ohm™* cm7*, and there is a similar variation for other temperatures:- 
25SEC: (4-46 = 4-96) x LOeieeaiene A5°G, (4-61 = 8-3) x Oe thee de tas 50°C: 
(4+53=5+84) x 107*;°%4:6579 and 55°C. (4:42=5+14) x 107? ohm™ cm7, 627475 
The conductivity of highly-purified, vacuum-recrystallized iodine monochloride 
as measured in a sealed cell at 1000 cycles/sec. a.c. over the temperature 
range 25°= 120°C. is given in Table VII.”° Under these conditions, the values 


TABLE VIL - ELECTRICAL CONDUCTIVITY OF MCLTEN 
IODINE MONOCHLORIDE”® 


12 26.75 | 30-6 |3445 | 39.9 4501 49.7 Bad 


40°x ohm emi? | 4-403 4519 4.593 40637 46611 40541 40415 
0.2217} 0-2309 | 0-2355 | 0+2392 | 0-2392 | 0.2366 | 0.2314 


p. ohm™ cm? 


PG, [59-8 [64-8 [60.0 [70.3 [ele [94 [1010 113.0 


102k| 46270 | 4-057 | 3-810 | 3.271 3-068 2°667 2471 2°043 1-817 
of the conductivity are accurately reproducible and alter reversibly with tem- 
perature, but traces of moisture increase the value irreversibly.°»”° The 
molar conductivity, , (the product of specific conductivity and molar volume) 
is also tabulated. There is a curious maximum in both the specific and the 
molar conductivities at about 40°C.”° (A flat maximum between 50° and 70°C. 
has also been reported).°* This has been ascribed to the interaction of two 
opposing effects, viz., the increase in mobility of the ions with temperature on 
the one hand, owing to a decrease in viscosity, and a decrease in their number 
on the other, owing to the thermal instability of the polyhalide ion (cf. equa- 
tion 5):- 


1S IGISNElCl a1 = IC. 


The degree of self-ionic dissociation in molten iodine monochloride at 35°C. 
has been estimated as about 1%.”° Because of the concurrent thermal dis- 
sociation of iodine monochloride into chlorine and iodine (see Table VIII) 
there is no decomposition potential for the electrolysis of the molten com- 
pound.”° The conductivity of solid iodine monochloride just below its m.p. is 
about one hundredth of that of the liquid.’ 

The molar diamagnetic susceptibility of molten iodine monochloride is 
-5658 x 10°° cgsm. units.”” (An alternative value for the liquid at IPP Cos 
-54:6 x 107° cgsm. units).”* The parachor, calculated from measurements on a 
solution of the interhalogen in ethanol, is 135+83 which corresponds with the 
calculated value for a purely covalent bond I-Cl.” More delicate estimates 
of the deviation from covalency, calculated from electronegativity differences 
and from nuclear quadrupole coupling constants, indicate that the percentage 
ionic character of the bond I*cl” is 25%.7= (A value of 9% has also been 
suggested). 

The dipole moment of gaseous iodine monochloride has been calculated 
from the pressure and temperature dependence of the dielectric constant 
between 0- 140 mm. and 60°- 160°C. According to the assumptions made and 
the method of extrapolation, the estimated dipole moment is 0+5 or 0:8 Des 
A more reliable value of 0-65 + 0:06 D. has been obtained by micro-wave 
techniques.*? When the dipole moment of iodine monochloride is measured in 
solution, a much larger value is obtained (1:47- 1-49 D.) owing to incipient 
solvolytic ionization of the compound™ (see page 490). 
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The bond distance I-Cl, rz = 2+32069 A. obtained from the micro-wave 
spectrum of the gas °%** is in substantial agreement with the older value from 
band spectrum data, re = 2+3150 A.** The mean value of the internuclear 
distances of the parent halogens is 2:328 A. 

The thermodynamic functions of iodine monochloride have been determined 
experimentally from measurements on the equilibrium between chlorine, iodine 
and iodine monochloride over a range of temperatures.”* In one series of 
measurements between 370° and 470°C., the pressure of chlorine was con- 
trolled by the dissociation of barium hexachloroplatinate (equation 6); ina 
second series between 140° and 180°C. the reaction between iodine and 
nitrosyl chloride and the concurrent dissociation of nitrosyl chloride were 
used (equations 7 and 8). 7 


BaPrCl,= BaCl, + Pre+-2Cl, (6) 
2NOCI + I, = 2NO + 2ICl (7) 
2NOCI = 2NO + Cl, (8) 


The results were miscalculated*® but lead finally to the values given in Table 
VIII. The values of AH were estimated to be correct to within about +5%. 


TABLE: VIIL- FREE ENERGY AND HEAT OF FORMATION, 
AND ABSOLUTE ENTROPY OF IODINE MONOCHLORIDE AT 25°C. 


: Reaction ~AGooase | ~AAsoa-16 Boas (IC) | 
AL, + 2Cl, = 1Cl (kg.-cal. mole") (g.-cal. deg.”* mole”) 


(2) +(e) = (2) Pe eee 59-6 (2) 


(s) + (g) = (g) ° | - 
(s} + (g) = () ° oh 33-4 (1) 
fers + (g) = (s) | | 246 (s) 


From the relation AS = (AH-AG)/T and the figures in Table VIII, the entropy 
of formation of gaseous iodine monochloride from the gaseous elements is 
1°77 g.ecal. deg.“* mole”. These direct thermochemical results agree fairly 
well with the spectroscopic values for the gaseous reaction:- AG o..4,= 3879 
kg.-cal. mole”; -AF}...1, = 3°461 kg.-cal. mole“*; AS$os.1¢ = 1:40 g.-cal. deg.~* 
mole™*; S$og.1¢ = 592 g.-cal. deg.* mole™*.”* More recently, the free energy 
change in this reaction has been calculated as 3°71 kg.-cal. mole’, from 
which the degree of thermal dissociation is 038% at 25°C.; at the b.p. 
(100°C.) this dissociation is 1-1%.? These values replace the earlier esti- 
mates of 0+42% and 1:58% respectively.” The standard free energy and heat 
of formation have also been recalculated and the values obtained, -AG$...¢ = 
3°25 kg.-cal. mole and -AF9..4. = 8°04 kg.-cal. mole™,? are probably nearer 
the true values than are those given in the last line of Table VIII. 

The heat capacity, entropy, free energy and heat content of iodine mono- 
chloride in the ideal gaseous state at 1 atm. pressure have been evaluated 
from spectroscopic data on the rigid-rotator, harmonic-oscillator approximation, 
with appropriate contributions for anharmonicity.** The results, which are 
assembled in Table IX, include neither nuclear- ~spin entropy nor the entropy of 
isotopic mixing. The ‘same spectroscopic data, in conjunction with those for 
chlorine and iodine, have been used‘ to calculatetthathenec oneeas changes, 
free energy changes and equilibrium constants for the dissociation of iodine 
monochloride into atoms and into molecules at temperatures up to 1727°C. 
(see Table X). The results show that the dissociation into molecular chlorine 
and iodine predominates at temperatures below about 1500°C. and that the 
degree of dissociation of iodine monochloride, which has been seen to be 1:1% 
at the b.p., reaches 10% at about 500°C. ~ 
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TABLE IX. - HEAT CAPACITY, ENTROPY, FREE ENERGY 
AND HEAT CONTENT OF IODINE MONOCHLORIDE” IN 


G.-CAL. DEG? MOLE? 
(H°- ED)/T 


oP 
298-16 | 8-492 


51-4638 


59+123 


8497 | 59¢175 516514 
8-697 | 61-650 03°753 
8-805 | 63-604 95°535 
8-871 | 65-216 57-018 
8-917 | 66587 58289 
8-950 | 67-780 59-403 
8-977 | 68+835 60-393 
€0999 | 69-782 61-286 
9-035 | 71-426 626843 
9-065 | 72-821 64°168 
9-092 | 74-033 65-330 
9-118 | 75-106 66¢357 

| 76-068 67-281 


2000 9-141 


TABLE X.- DISSOCIATION OF IODINE MONOCHLORIDE™ 


Ic] =’, + 4cl, 
K=P PQ /Picy 


INE ae air yy 

4 |K= Y% 
(g.-cal. deg?’ mole™) So LPC, 
16854 x 10°35? | 11-186 12-507 
o6123-« 10723 
46695 x 10738 


11,117 12-437 
8°3304 9+6598 
OTE OTe 
Totti 10° 


AHYT | ACGYT 
(g.-cal. deg.? mole *) 


168-74 | 145.19 
167-72 | 144-16 
126-20 | 10217 
101-29 | 76-889 
84-668 | 59-983 


/ Picl 


1-848 x 1073 
1-914 x 1075 
7+743 x 10° 
1-790 x 10°? 
3¢129 x 10°? 


6°6597 79943 
595475 68845 


72°7883 | 47-870 3°453 x 1074 407524 6- 1070 4627 x 10°? 
63°870 | 38-760 36381 x 107° 4.1601 594978 6-288 x 10°? 


7+935 x 10°? 
9-558 x 10°? 
16-264 x 1074 


1-208 x 1077 
RIOT Sc 10s 
1-596 x 1074 


3°6987 
3°3799 
2077719 


5°0353 
466657 
41104 


5609 26 
51-6415 
43-010 


31-654 
250954 
17°373 


37-030 | 11-213 36544 x 107% 203839 | 3-7101 1-546 x 1072 
32° 539 6-578 36651 x 10°? 20904 3+4049 1-803 x 1072 
29-042 2°955 2°261 x 107! 1-8625 3-1893 2-009 x 10°! 

3-0005 2¢209 x 107) 


26+244 0-0442 | 9-780 x 107 1-6803 


SOLUTIONS CONTAINING IODINE MONOCELORIDE 


There is an arbitrary dividing line between what may be considered as a 
variation of physical properties of a given solute in a series of solvents on 
the one hand, and the chemical interaction of the solvent and solute on the 
other. This sub-section will discuss the properties of solutions of iodine 
monochloride in aqueous hydrochloric acid, the electrochemistry of iodine 
monochloride in non-aqueous solvents, the spectrophotometric properties of 
solutions, and finally, the thermodynamic functions of iodine monochloride 
when dissolved in carbon tetrachloride. The next sub-section will deal with 
systems in which iodine monochloride behaves as an ionizing solvent. Here, 
there is greater emphasis on chemical interaction, and several addition com- 
pounds and reaction products have been isolated. The concluding sub-section 
deals with the purely chemical properties of iodine monochloride. 

Iodine monochloride forms a stable, yellow solution in aqueous hydro- 
chloric acid from which it cannot be extracted with organic solvents such as 
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carbon tetrachloride, benzene or nitrobenzene, in which it is normally readily 
soluble, *75*®5* This is due to the formation of the dichloro-iodide ion.***® 


IGh4-Clh= IG (9) 


Other suggestions, that the colour change and stability are due to ionization 


of the interhalogen (ICI = I* + Cl*),*7 or to the formation of undissociated — 


hydrogen dichloroiodide HICI,,°° fail to explain the following facts. (a) The 
addition of iodine monochloride to N-hydrochloric acid, until the solution is 
0-14 M. in iodine monochloride, diminishes the electrical conductivity by 
about 0:7%*° (i.e. Cl” is replaced by ICI,"; complete ionization into I” + Cl” 
would raise the conductivity markedly, whereas the formation of undissociated 
HICI1, would remove both H” and Cl” from solution and thereby decrease the 
conductivity appreciably). (5) The electrolysis of a 1:6 M-solution of iodine 
monochloride in ] N-hydrochloric acid does not result in migration of iodine to 
the cathode (i.e. the solution contains no I*).®° (c) Aqueous sodium chloride 
‘may be used instead of hydrochloric acid.*” As the position of equilibrium of 
reaction (9) is independent of the hydrochloric acid concentration between 0+2 
N. and 10 N.,*° it is clear that the polyhalide ion is but little dissociated. 
The equilibrium constant for the reverse of equation (9) has been estimated 
from the distribution ratio of iodine monochloride between carbon tetrachloride 
and 0-4 N-hydrochloric acid at 25-0% K =[Icll{cll/liclj] = (6-0 + 0-5).1073 
mole/l.; AG = 3-04 kg.-cal. mole”*.®* Results obtained in other solvents are 
summarized in Table XIV and indicate that in these dissociation is even less 
pronounced than in aqueous systems. The degree to which iodine monochlo- 
ride undergoes the alternative reaction of dissociation into its elements 
depends slightly on the normality of the hydrochloric acid and is about 1% of 
the corresponding dissociation of the interhalogen in the vapour phase (cf. 
Table X); K = tL EcL,14/TIcll = 1-27 x 10° in 2 N-HCl, 1-51 x 10° in 4 


N-HCl, and 1-98 x 1075 in 6 N-HCI.** In the absence of hydrochloric acid (ora 


chloride), iodine monochloride rapidly hydrolyses to hydrochloric and hypo- 
iodous acids; the latter compound then disproportionates into iodic acid and 
iodine which is precipitated. For the primary hydrolysis:-** 


ICl + H,O =H” + Cl” + HOI, (10) 
K = (a*I(CrIWHOL ICI © 10-* moles? 1? 


The overall hydrolysis may be represented®* by equation (11):- 


SIC] + 3H,O = SH*CI* + H*I03 + 21, (11) 
K =[H*} {cll {1,]1103)/11c1)> ™ 10:7 
The decomposition potential of an aqueous solution of iodine monochloride 
(0-35 mole/l.) between platinum electrodes has been given®’ as 0+27 V. at 15°, 
but it seems certain that the solute would be appreciably hydrolysed. Fora 
similar reason it is difficult to interpret precisely the standard electrode 
potential, EY,;~., = 1-116 V. which has been measured by means of the cells:- 


(+I | aq. ICI | N-KCl | normal calomel electrode -) and 
(+Pt | aq. IC] | N-KCI | normal calomel electrode -)?” 


This result, in conjunction with the similarly obtained values Ep, = 1-102 
V. and Eiyjq, = 1032 V. would place the iodine cation with the noble metals 
in the electrochemical series. 

The electrochemistry of iodine monochloride in several non-aqueous 
solvents has been studied.**”* The compound is an electrolyte when dissolved 
in dry nitrobenzene,**** glacial acetic acid,***® dichloroacetic acid? or ethyl 
ether,” but is a non-conductor in carbon tetrachloride, trichloroethylene, penta- 


chloroethane, silicon tetrachloride, stannic chloride or antimony pentachlor- 


ide.” This duality of character is reflected in the colour of the solutions 
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which may be either yellow or red-brown, and in the varying chemical re- 
activity of iodine monochloride in the various solvents (see page 490). The 
specific electrical conductivity in nitrobenzene at 18° decreases from 8-18 x 
10-* ohm™ cm?" (1 mole IC1/6-62 mole C,H;NO,) to 2:84 x 107 ohm™ cm7 (1 
mole ICI/35+89 mole C,H,NO,).°! At the same temperature, the conductivity 
of iodine monochloride in anhydrous acetic acid decreases from 8-057 x 10~4 
ohm* cm" (3631 wt.-% ICI) to 0+187.x 107™* ohm™ cmi! (9-34 wt.-% 1Gloeee 
Iodine monochloride shows no decomposition potential when its conducting 
solutions are electrolyzed.** This absence of polarization at both electrodes 
is presumably due, as in the case of the pure molten compound itself, to the 
slight thermal dissociation of iodine monochloride into the parent halogens. 
The electrolysis of iodine monochloride in glacial acetic acid between plati- 
num electrodes results in the migration of iodine to both the cathode and the 
anode and the concurrent migration of two equivalents of chlorine to the 
anode.*” This indicates ionic dissociation according to equation 12. 


AIC] atk Ch (12) 


The positive 1odine cation, which has only six valency electrons, is stabilized 
by donor-acceptor interaction with the solvent.**’ Preliminary results on the 
electrolysis of iodine monochloride in nitrobenzene appeared to be more com- 
plicated,*? but when silver electrodes were used the results were consistent 
with the ionization (12).°° 

Non-aqueous solutions of iodine monochloride may be either red-brown or 
yellow, depending on the solvent used.°? The red-brown solutions show 
maximum absorption at 455 + 10 mp whereas for the yellow solutions, this 
maximum is displaced by about 100 mp towards shorter wave-lengths (Amax, = 
355 + 10 mp). The relevant data are summarized in Table XI. In addition to 
the solvents listed in the table, solvents which give red-brown solutions 
include carbon disulphide, silicon tetrachloride, tin tetrachloride, antimony 
pentachloride, hexane, ethyl bromide, trichloroethylene, pentachloroethane, 
chlorobenzene, benzene, toluene and xylene; yellow solutions are formed by 
amyl acetate, acetic anhydride, acetone and pyridine.*”° This dichroism of 


TABLE XL- VISIBLE ABSORPTION SPECTRUM OF IODINE 
MONOCHLORIDE IN VARIOUS SOLVENTS 


(Pure IC] gas) 470 - red-brown 
cycloHexane 466,(505) 165,(145) | red-brown 

Carbon tetrachloride 4.60 ,(464) 150-2(173) | red-brown 

Chloroform 455 150 red-brown 
Trifluoroacetic acid 450 105,(123) | red-brown 93,(94) 
Sulphuric acid (anhyd.) 442 145 | red-brown 93 
Ethylene dichloride 426 131,(132) red-brown 93,(94) 


- Acetic acid (glacial) 360 ,362°5 158,138 yellow 59,93,94 
Ethyl ether 359 140-160 yellow 59 
Acetonitrile 359 Lod yellow 94 
Propiononitrile 356 142 yellow 94 
Valeronitrile BDT 143 yellow 94 
Ethyl acetate 351 150-160 yellow 59 
Trimethylcarbinol 346 188 yellow 95 
Methanol 344 189 yellow 94 
Ethanol 343 181 yellow 94 
Hydrochloric acid (dil.) 343 Pe yellow 59 
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iodine monochloride is precisely analogous to the well-known behaviour of 
iodine solutions which have as their limiting colours violet and red-brown. 
The same effect has also been noted for bromine and for iodine monobro- 
mide?5*°° The colour change is due, primarily, to interaction of the solute 
with the solvent to form an addition complex which, in some instances, may 
dissociate ionically to give conducting solutions.” The degree of interaction 
between iodine monochloride and various solvents may be gauged from the 
rise in temperature which occurs when 1 ml. of the interhalogen is added to 25 
ml. solvent at 25°C.: carbon tetrachloride (-2+7°, chloroform (~1+3°), ethylene 
dichloride (+0+2°), chlorobenzene (0°6°), water (20°), benzene (2+1°), glacial 
acetic acid (2-7°), aqueous hydrochloric acid (3+3°), ether (5:0°), 95% ethanol 
(5°3°) and absolute ethanol (7-5°).**° In red-brown solutions, the absorption 
maximum is close to that of the pure gaseous interhalogen (470 my) and there 
is little interaction between solvent and solute; this is consistent with the 
nature of the solvents, none of which have appreciable electron-donor pro- 
perties. However, even in such solvents, solvation is not entirely absent 
and there is sufficient interaction to double the apparent dipole moment of the 
molecule® (see page 485). On the other hand, yellow solutions are formed 
by solvents possessing an electron-donor group and this group provides the 
mechanism for solvation:- 


solvent + IC] = solvent:1O*C1 (13). 


In some instances these addition compounds are sufficiently stable to be 
isolated (see below). When the solvent possesses not only a donor group 
but also a high dielectric constant, electrolytic dissociation of the complex 
may ensue:- 


solvent + 2ICl = solvent:I* + ICI," (14) 


Under these conditions the absorption spectrum will be that of the dichloro- 
iodide ion rather than of the unsolvated iodine monochloride molecule.* When 
a donor solvent is added to a red-brown solution of iodine monochloride ina 
non-solvating solvent, the colour changes to yellow and the solution becomes 
conducting, e.g. the addition of a trace of ethanol to a red-brown chloroform 


solution (Amax, = 455 mp) renders it yellow (Amax. = 355 mp)” and conduc- 
ting.”°® Further, if a yellow solution, e.g. in acetic acid (Amax. = 360 mp), be 
heated, it turns brown (Amax, = 460 mp)*” and at the same time the conduc- 


tivity decreases.” This reversible effect of temperature in decreasing the 
conductivity is related to the thermal instability of the complex, and estab- 
lishes that the conductivity is not due to impurities or to the products of a 
reaction with the solvent; for if either of these were the cause, the conduc- 
tivity would increase with temperature, in the latter case irreversibly. The 
varying chemical reactivity observed for iodine monochloride in brown and in 
yellow solutions respectively also arises from this solvolytic ionization?**>”* 
and it has been suggested that the solvation complexes may serve as inter- 
mediates in aromatic halogenation reactions.”° 

The ultra-violet spectrum of solutions containing iodine monochloride 
dépends in like fashion on the solvent chosen. When complexing solvents are 
used (yellow solutions) there is a pronounced absorption band at 230 mp 
associated with the dichloroiodide ion and absent in the red-brown solutions.” 
In aromatic solvents mixed with carbon tetrachloride, which constitute a series 
of solvent systems intermediate between the two limiting classes of solvent, 
there is a strong band at about 300 mp.” This has been ascribed to a charge- 
transfer spectrum of the 1:1 addition complex between the interhalogen and the 
hydrocarbon.**° In this instance there is no concurrent ionic dissociation. 
The spectrophotometric data are summarized in Tables XII and XIII. The 
data may all be interpreted in terms of equations 9, 13 and 14 which are 
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TABLE XIl.- ULTRA-VIOLET SPECTRUM OF SOLUTIONS CONTAINING 
IODINE MONOCHLORIDE AND RELATED EQUILIBRIUM 
CONSTANTS AT 25°C." 


Solvent 


Acetonitrile 12°5 18% 
Propionitrile 44.7} 87% T 
Valeronitrile - = 
Ethanol approx. © approx. 100% 


* degree of ionic dissociation according to equation y in aged 
solutions. 
| ref. 95 gives Ky = 3-107, ay = 94%. 


TABLE XIII.- ULTRA-VIOLET SPECTRUM OF IODINE MONOCHLORIDE 
IN SOLVENT MIXTURES CF CARBON TETRACHLORIDE WITT 
AROMATIC HYDROCARBONS AND RELATED EQUILIBRIUM 
CONSTANTS AT 25°c.°? 


: 


Benzene 

Toluene 797 
tert.-Butylbenzene 8-70 
o- Xylene 15°4 
m= Xylene 160 
p- Xylene 13°4 
Chlorobenzene 2+ 24 


Bromobenzene 


* from measurements in the visible region, acetic 
acid has Ky = 184 + 0-7 and trifluoroacetic 
acid has Ky, = 0-0 + 0-9.°° For solvents in 
Table XII, complexing was virtually complete, 
i.€. Ky ose ot 


rewritten here in more convenient form using the symbol D (donor) for the 
solvent molecule:- 


D +I1Cl =D:Icl i (x) 
2D 1Gl=dp Deb) 44I1Cl.- (y) 
IGL= =JIC)l Ch (z). 


Spectrophotometric values for the equilibrium constants of these reactions, 
Ky, Ky, Kz at 25° are given in Tables XIII, XII and XIV respectively. Solu- 
tions of iodine monochloride in nitriles or alcohols are seen to be completely 
solvated according to equation (x) and the complex is appreciably dissociated 
into ions (y). The absorption data in Table XII should be compared with the 
“figures obtained for the pure dichloroiodide ion itself in acetonitrile:'”" max. 
= 22/7. Emax. = >) X 10*, Table XIV indicates that the polyhalide ion 
formed in equation (y) is stable in nitriles but undergoes some dissociation 
(z) in hydroxylic solvents; this dissociation is virtually complete in trifluoro- 
acetic acid, possibly because reaction z is followed by the elimination of 
hydrogen chloride according to equation 15:-”° 


CF,CO.H + Cl’ = HCl + CF,CO,” (15). 


It is to be noted, also, that in this highly acidic solvent, there is practically 
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TABLE XIV.- EQUILIBRIUM CONSTANTS FOR THE DISSOCIATION 
OF THE DICHLOROIODIDE ION AT 25°.%° 


a ee 


Acetonitrile (5°9 + 0+7).10” 
Propionitrile (5°9 + 0-7). 1077 
Ethylene dichloride (71 + 0-8). 1075 


Acetic acid (15 + 0+4).107* 
Ethanol . approx. 107° 
Water (ref. 51) (6-0 + 0-5). 107% 
Trifluoroacetic acid Be! 


no solvation (equation x; Table XIII). In the mixed solvents (Table XIII) 
stability of the donor-acceptor complex is seen to depend on the electron- 
releasing properties of the hydrocarbon. This increases with increasing 
alkyl substitution from benzene, through toluene and tert.-butylbenzene, to the 
xylenes, and decreases when electron attracting groups, e.g. halogens, are 
substituted in the nucleus. 

The foregoing discussion of the electrochemistry and spectrophotometric 
properties of non-aqueous solutions of iodine monochloride has considered 
only those solutions from which iodine monochloride may be recovered un- 
changed. In many systems (e.g. solutions in acetone or methanol) the rate of 
chemical reaction (chlorination of the solvent) is too rapid to permit the 
satisfactory determination of the physical properties. 

The thermodynamic functions of iodine monochloride when dissolved in 
carbon tetrachloride have been calculated from the partial pressure of the 
interhalogen above the solution and other relevant data.*® For mole fractions 
between 1°59 x 10°* and 2-03 x 10°? the partial pressure of iodine monochloride 
at 25°C. rises linearly from 0-331 mm. to 4516 mm. The Henry’s Law constant 
is 209 mm., which corresponds to a free energy change for reaction (16) of 
-AG$o, = 0°763 kg.-cal. mole™*. This leads to a free energy change for re- 
action (17) of ~AG$,, = 4-018 + 0-050 kg.-cal. mole™’*, which implies an equili- 


ICI (g) = ICI (in CCI,) (16) 
441, (in, GCl,) + 4Cl,. in CCl)a ICL. Ga Gis (17) 


brium constant of 812 and hence a degree of dissociation of iodine mono- 
chloride in carbon tetrachloride of 0°25% (compare with 0+38% for the gas 
phase, page 486). The heat content change for reaction (17) obtained calori- 
metrically is -AH},, = 3°970 + 0-030 kg.-cal. mole™*; whence AS®,, = 0-16 g.- 
cal. deg.“* mole™*, When related to chlorine and iodine in their standard 
states (gas and solid, respectively), the free energy and heat content of 
iodine monochloride in carbon tetrachloride at 25° become -—2+133 and -2+835 
kg.-cal. mole’, respectively, for the hypothetical state of unit mole fraction. 
The absolute entropy of iodine monochloride in such a solution is*® 38-3 g.- 
cal. deg.”* mole’. 

The freezing-point curves for the system iodine monochloride-carbon 
tetrachloride indicate a series of solid solutions for which the liquidus is 
represented by a sigmoid curve,***°? There is a eutectic at -26-4°C. and 1:8 
mole-% iodine monochloride. The components also form a metastable double- 
layer liquid system which has an upper critical temperature of approx. 
14°C.°**° This unusual behaviour remains unexplained. Mixtures of iodine 
monochloride and acetic acid form a simple binary system in which each com- 
ponent depresses the f.p. of the other until a eutectic is formed at -34+5°C. 
with 40 mole-% iodine monochloride. °°? 
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IODINE MONOCHLORIDE AS AN IONIZING SOLVENT 


‘The electrical conductivity of iodine monochloride at 35°C. is consider- 
ably increased when potassium chloride or ammonium chloride is dissolved in 
it. For example, the conductivity of an M/2 solution of potassium chloride (1 
mole KCI1/39 moles ICI) is 4:2 times that of the pure solvent; with an M. 
solution of ammonium chloride (1 mole NH,C1/19+5 moles ICI) the correspond- 
ing factor is 43.°°° The equivalent conductivities rise with dilution to 
limiting values of about 32 for potassium chloride and 26 for ammonium chlor- 
ide. Other compounds which dissolve in iodine monochloride to give an 
enhanced conductivity include rubidium chloride,*°* caesium chloride,*™ 
potassium bromide,*”°* potassium iodide,“ titanium tetrachloride,’* vana- 
dium tetrachloride,”* phosphorus pentachloride,°*’**°* antimony pentachlor- 
ide,7**°° pyridine,** acetamide,®* benzamide,* N-diethylbenzamide,’* and 
acetanilide.”* Compounds that are but slightly soluble in iodine monochlor- 
ide, or have little effect on the conductivity, include lithium chloride,” 
sodium chloride,’ silver. chloride,7**°* copper dichloride,*** barium chlor- 
ide,7=*%* silicon tetrachloride,”* tin tetrachloride**’ and niobium pentachlor- 
ide.”> Thionyl chloride, which is miscible with iodine monochloride in all 
proportions, appears to act merely as an inert diluent and progressively lowers 
the conductivity of the interhalogen (see Table XXVII,page 495).” 

The solubilities of these compounds are summarized in Table XV. Little 
fundamental significance attaches to these values as the solubility ts fre- 
quently limited either by the insolubility of the complex formed, or by the 
complete solidification of the system at a given concentration. Phase 
diagrams relating these m.p. with composition have been given for the systems 
of iodine monochloride with aluminium trichloride,** phosphorus pentachlor- 
ide, pyridine,“ and benzamide.** Table XV does indicate, however, that 
the ease with which simple chlorides form polyhalides is related to the size of 
the cation. The chlorides of potassium, rubidium, caesium and ammonium 
‘readily dissolve to give the dichloroiodide MICI,, whereas the chlorides of the 
smaller cations lithium, sodium, silver and barium show little such tendency. 


TABLE XV.- SOLUBILITIES IN IODINE MONOCHLORIDE AT 35°C. 


Solubility 
g./100 g. ICI mole %*| Ret 


Compound 


Lithium chloride <006 
Sodium chloride <0°6 
Potassium chloride 58 
Rubidium chloride 14-10 
Caesium chloride 19-9 
Ammonium chloride 6°27 
Silver chloride <0°6 
Potassium bromide 9°33 
Potassium iodide 6°75 
Barium chloride <0°6 
Aluminium chloride 954 
Aluminium bromide 361 
Silicon tetrachloride ‘soluble’ 
Tin tetrachloride ‘soluble’ 
Titanium tetrachloride ‘moderately sol.’ 
Phosphorus pentachloride ~32°5 
Antimony pentachloride 19 
Niobium pentachloride ‘soluble’ 


Thionyl chloride Se die miscible 


Pyridine 
Acetamide >85 
Benzamide 50 


N-Diethylbenzamide completely miscible 
—¥ Mnoles of solute per 100 moles of solvent plus solute 
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The electrical conductivities of systems in which iodine monochloride is 
the solvent are presented in Tables XVI to XXVI. In general, the conduc- 
tivity increases rapidly with concentration of the solute until a maximum 
value some 3-5 times that of the solvent is reached at 5-12 mole %. There- 
after, the conductivity diminishes as a result of the sharp increase in vis- 
cosity of the system as the solution becomes more concentrated. Exceptions 
are ammonium chloride, for which there is no maximum in the range studied,” 
and the halides of aluminium.®**! These latter solutions show a curious drop 
in conductivity in the range 0-2 mole %, after which there is a slight increase 
to a maximum value of 1:3 times the conductivity of the solvent. Inno 
instance does the conductivity curve indicate the presence of known addition 
compounds, presumably because of the complex influence of changing density, 
viscosity and degree of ionic dissociation with composition in the binary 
systems. The results do demonstrate, however, that these solutions have 
high equivalent conductivies which are in many cases comparable with those 
of aqueous electrolytes. 


TABLE XVI.- SPECIFIC CONDUCTIVITY’ OF THE SYSTEM 
NH,Cl-ICl AT 35°C. 


| mole % NH,Cl 514 | 751 


k.10° ohm™ cmz? | 12-10 | 15°77 


TABLE XVII. - SPECIFIC CONDUCTIVITY® OF THE SYSTEM 
KCl=ICl AT 35°C.* 


mole % KCI }0-00 | 0-97 | 


K.10° ohm cmi? | 5°70 | 9632 


-é Ref. 66 also gives values at 45°C.; ref. 55 has alternative values at 
35°C. 

t These solutions were saturated and contained the excess potassium 
chloride in the solid residue. 


TABLE XVII. - SPECIFIC CONDUCTIVITY OF THE SYSTEM 
KBreICl AT 35°C.* 


mole % KBr 0-00 | 0-55 | 1:95 | 396 | 793 
k.10° ohm™ cmt? | 5°39 | 895 | 15°56 | 20°50 | 23-90 


* Ref. 61 also gives values at 45°C. 


TABLE XIX.- SPECIFIC CONDUCTIVITY? OF THE SYSTEM 
KI=-ICl AT 35°C, * 


mole % KI | 0-00 147 1°67 2°68 3°68 | 4:95 


K.10° ohm cma | 487 | 1239 | 13°87 | 16641 | 18°30 | 20-24 
~ * Ref. 61 also gives values at 25° and 45°C. 


TABLE XX. - SPECIFIC CONDUCTIVITY® OF THE SYSTEM 
AlCl, -ICl AT 35°C.” 


mole % AlCl, 
K. 10? ohm™ em? 


}mole % ALCI, 13°22 | 19. 65 | 24°77 | 30°80 | 36°66; 45:04 | 49-08 | 5307 
k.10° ohm* cm;* 7°53 5°98 4071 3°89 3°56 3¢ 20 3°13 31 


* Ref. 66 also gives values at 45°C, 


TABLE XXI.- SPECIFIC CONDUCTIVITY? OF THE SYSTEM 
AlBr;~ICl AT 35°C.* (see also next page) 


mole % ALBr, ; 641 | 82 | 1227 | 1685 | 20-00 
605 | 578 


k.10* ohm™ em: 5°89 | 6-64 6°87 


Refs. p. 510 


16 COMPOUNDS WITH BROMINE AND IODINE 495 


TABLE XXI (continued) 


mole % AlBr, 34°64 |39+87 | 4240 | 45*93 | 46-00 | 53-23 | 58-12 | 68-69 


k.10° ohm™? cmz? 


2°76 2°12 114 1-70 1-00 1-27 0-65 0°37 
* Ref. 61 also gives values at 45° and 100°C. 


TABLE XXIL - SPECIFIC CONDUCTIVITY” OF THE SYSTEM 
PCl,-IC] AT 45°C.* 


mole % PCls 0-00 | 228 | 473 | 11-66 
K.10* ohm™ cms’ | 553 | 17%2 | 2665 | 25-7 


* Ref, 68 also gives values at 55°C. Ref. 100 gives kK = 108 x 
107° ohm” cmz* at 0-86 mole % and 50°C. 


TABLE XXIII, - SPECIFIC CONDUCTIVITY’ OF THE SYSTEM 
PYRIDINE=IC] AT 35°C. * 


mole % CzHsN | | 0-00 | 0-92 | 201 | 4-42 | 631] 812 | 9-86 
K.10° ohm™ cmt! | 4+82 | 10-73 | 17-14 | 20-51 | 21-39 | 20+20 | 19-11 | 
mole % CgHgN | 16-22 | 21-74 | 27-66 | 28-78 | 
K.10° ohm” cm! | 1234 | 7-02 | 464 | 426 
* Ref. 64 also gives values at 50°C. 


32°81 | 34-65 
3°51 3°37 


TABLE XXIV.- SPECIFIC CONDUCTIVITY OF THE SYSTEM 
ACETAMIDEICI AT 35°C. * 


mole % ACNH, | 0-00 | 227 | 4-60 | 7-79 [14-00 
K.10° ohm™ cmw | 5°17 |11-27 |16665 |21°81 |24°28 |23¢88 |20¢89 |19+82 | 17-57 


29-39 | 32656 | 37-21] 49-06] 56656 
1 117111 1438] 991] 4675] 3618 


* Ref. 63 also gives values at 25° and 45°. 


mole % AcNH, 
k. 10°? ohm™ cm? 


60-54 
2°98 


76°03 
275 


TARLE XXV.- SPECIFIC CONDUCTIVITY® OF THE SYSTEM 
BENZAMIDF=ICI] AT 35°C.* 


mole % BZNH, 0-00 | 4:83 | 9-17 | 11-88 
k.10° ohm” cmz? | 4°82 | 2147 | 21-70 | 2080 


mole % BZNH, 21-17 | 30+22 | 33-49 | 46-28 
k.10° ohm™ cmz? | 13-08 5°67 3°62 1647 


* Ref. 65 also gives values at 50°C. 


TABLE XXVL- SPECIFIC CONDUCTIVITY” OF THE SYSTEM 
N-DIETHYL BENZ AMIDF¥ICI] AT 35°C.* 


mole % BZNEt, 0-00 4625 | 807 | 10¢47 | 1299 | 16-81 
x.10° ohm™ cm! | (4°82) | 19°80 [22:97 | 19-40 | 17-42 | 14°57 


mole % BZNEt, | 2868 | 36-05 | 46-38 | 5239 | 
K.10° ohm™ cmz*| 36443 | 1959 | 0-913 | 0-480 


* Ref. 73 also gives values at 50°C. 


TABLE XXVII.- SPECIFIC CONDUCTIVITY” OF THE SYSTEM 
THIONYL CHLORIDE-ICl AT 55°C. 


mole % SOCL, 0-00 | 0-18 3691 | 458 | 6-10 | 885 
x.102 ohm cmt? | 4946 | 4601 | 3°63 | 3-30 | 3-19 | 288 | 268 | 236 | 1-90 


Conductivities which have been measured at a single concentration only are 
assembled in Table XXVIII. In three instances the conductivity is increased, 
but with silicon and niobium chlorides the conductivity is diminished at the 
concentration investigated, suggesting a possible analogy with the behaviour 


of the aluminium halides (Tables XX and pox Ds 
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TABLE XXVIII.- SPECIFIC CONDUCTIVITY” OF SOLUTIONS 
IN IODINE MONOCHLORIDE AT 55°C. 


Solute k. 10° ohm™ em7? 


Pure solvent 
Silicon tetrachloride 
Niobium pentachloride 


Titanium tetrachloride 
Vanadium tetrachloride 
Antimony pentachloride 


# gt 50°C, 7° 


63,64,66573 67573 64,65,66,68 


The density, viscosity and phase relations of many of 
the solutions mentioned in this section have also been investigated, and the 
results, together with those of electrolysis,°*°*#°*® ion transport°*°%"*?° and 
cryoscopy°?°**»7%"* of nitrobenzene solutions, have elucidated the structure of 
the ions and complexes present. The detailed results are too numerous to be 
covered comprehensively, but the main conclusions reached are outlined in 
the following paragraphs. 

Solutions of potassium chloride in iodine monochloride (Table XVII) con- 
tain the addition compound potassium dichloroiodide, which dissociates 
ionically according to equation (18):-°%°%?%3193 


KCl + ICI] = KICI, = K* + ICI," (18). 


Anhydrous potassium dichloroiodide is a bright orange-yellow compound, m.p. 
195°C., which dissociates reversibly into potassium chloride and iodine mono- 
chloride at temperatures above 0°C.°%*° 


KICI, (s) = KCl .(s) + ICl (g) (19) 
The dissociation pressure is as follows:-* 


eS 25 35 40 45 50 55 60 
p mm. (+0-05) 0-20 0-40 0°55 0-70 1-00 1°35 1-80 


These figures imply a heat of dissociation AH$,,., = 12°37 kg.-cal. mole’; a 
free energy of dissociation AG$ou.16 = 4°75 kg.-cal. mole”; an entropy of dis- 
sociation AS}..46 = 25:6 g.-cal. deg.“* mole”; and a standard absolute entropy 
for the complex of S$og.1¢ = 53*1 g.-cal. deg. * mole~*, When potassium chlor- 
ide is dissolved in iodine monochloride below 45°C. the compound KCI, 2ICI 
_may be obtained as ruby-red crystals, m.p. 45°C. The solubility curves for 
KICI, and KCI,2ICI in iodine monochloride intersect at this same temperature 
which is therefore the transition point for reaction (20). At this temperature 
the solubility is 6-95 g. KCI/100 g. ICI. 


KCl, 2ICI = KICI, + ICI (20) 


The density of the solutions at 35° and 45°C. decreases linearly with in- 
creasing concentration to a value which is 98-85% of that of the solvent at 
8:96 mole-%.°° The f.p. of the system drops approximately linearly toa 
eutectic at 12°C. and 12 mole-% of potassium chloride. Electrolysis be- 
tween platinum electrodes of solutions containing 5-7 mole-% of potassium 
chloride transports potassium to the cathode where it reacts with the solvent 
to give potassium chloride and iodine (equation 21).°° Iodine is also deposited 
at the cathode as a result of the concurrent electrolysis of the solvent (see 


K+ ICl = Kel + 4, (21) 


equation 5). Migration of the ICI,” anion, which is furnished by both solvent 
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and solute, increases the concentration of chlorine in the anolyte.© Similar 
results are obtained when various ternary mixtures KCl-ICI-C,H;NO, are 
electrolyzed between silver electrodes; silver chloride forms on the anode 
and, in addition, some iodine is deposited (from the ICI,” ion).°° Values for 
the transport number of the potassium ion in potassium dichloroiodide vary 
between 0+446 and 0-504; the average value, 0-496, is very close to the 
transport number of the potassium ion in aqueous potassium chloride.”° Potas- 
sium chloride, which is normally insoluble in nitrobenzene, dissolves in the 
presence of iodine monochloride, the solubility (and conductivity) increasing 
with the amount of interhalogen. At the same time, the addition of potassium 
chloride to a solution of iodine monochloride in nitrobenzene lowers the 
cryoscopic depression, again indicating complex formation between the two 
solutes.”* 

Solutions of potassium bromide and potassium iodide have very similar 
conductive properties to those of potassium chloride (Tables XVII, XVIII, 
XIX). Although the solutions have not been so extensively investigated, it 
seems possible that the conductivity is due to the formation of potassium 
chlorobromoiodide (equation 22) and potassium chlorodi-iodide (equation 23). 


Rap + 1CL= ko leprae! (22) 
KI + 1Cl = K*{1-I-cll- (23) 


Solutions of aluminium chloride in iodine monochloride behave somewhat 
differently (Table XX), for it is the metal atom rather than the iodine which 
becomes the co-ordination centre of the complex anion (equation 24).°° 


AICI, + ICI = I*[AIC1,]° (24) 


The density of solutions at 35°, 45° and 65° diminishes approximately in 
proportion to the concentration of aluminium trichloride and is 86:35% of the 
density of pure iodine monochloride at 29+13 mole-% solute.°® Thermal 
analysis shows eutectics at approx. 14 mole-% (4:5°C.) and at 42+2 mole-% 
(105°C.), and an unstable addition compound AICI,,2ICI], m.p. 110°, which is 
presumably a solvate of the primary complex IAICI,.°° Electrolysis of the 
melt (20~30 mole-% AICI,) liberates iodine at the cathode and aluminium 
trichloride at the anode. Detailed transference experiments suggest that the 
transport number of the tetrachloroaluminate ion is somewhere between 0+378 
and 0-418.°° Measurements on nitrobenzene solutions containing iodine mono- 
chloride and aluminium trichloride in various ratios lead to similar conclu- 
sions, the transference ratio Al/Cl to the anode compartment being close to 
1/4 and the transport number of the tetrachloroaluminate anion between 0-205 
and 0-318.°° Cryoscopy of similar solutions in nitrobenzene is somewhat 
complicated by the relatively low stability of the complex, and it would seem 
that complexing becomes important only at relatively high concentrations of 
aluminium trichloride.** This may explain the anomalous initial drop in the 
conductivity curve (Table XX). 

Solutions of phosphorus pentachloride in iodine monochloride (Table XXII) 
contain the addition compound phosphorus iodine hexachloride, PICI,, which 
has been formulated®* both as tetrachlorophosphonium dichloroiodide, PC1,* 
ICl,", and as*°© iodine hexachlorophosphate, I*PCI,". (Other reactions in 
which this compound is formed are discussed under the chemical properties 
of iodine monochloride, (see page 502)). Thermal analysis between O and 
40-34 mole-% of phosphorus pentachloride indicates a eutectic at 9+21 mole-% 
and 9:6°C.°* The compound PICl, (50 mole-% of phosphorus pentachloride) 
sublimes above 200°C. and melts in a sealed tube at 212°-214°C.*" Evi- 
dence for a 1:1 addition compound is also given by the cryoscopic investiga- 
tion of nitrobenzene solutions containing phosphorus pentachloride and iodine 
monochloride in varying ratios, the results indicating that each molecule of 
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complex is completely dissociated into two ions.® Electrolysis of phos- 
phorus iodine hexachloride in nitrobenzene using a platinum cathode and a - 
silver anode results in cathodic evolution of a gas which renders aqueous 
silver nitrate turbid (possibly chlorine) and an increase in concentration of 
phosphorus in the catholyte. At the anode, iodine and silver chloride are 
deposited.*°* The results confirm that the complex is tetrachlorophosphonium 
dichloroiodide, PCI,*ICI,"._ Other evidence for this structure comes from the 
spectrophotometry of solutions in acetonitrile (Amax. = 341 mp; cf. Amax. 
(Icl,"). = 340 mp),°°? and from a complete X-ray structure pderenninatomape te 
crystals.*° The space group is D3d-P42,m and the unit cell, which contains 
two molecules, is tetragonal, Gi Qe 26, c= 568 A. The structure consists of 
tetrahedral Pcl ions and linear Cl- fe Cl” ions, and the X-ray density of the 
crystals is 2+ 53 g.- ml." The complex is soluble in iodine monobromide and 
in bromine to give conducting solutions; e.g. at 45°C. pure bromine has 
K<107° ohm™ cm%*, a solution containg 1-0 mole-% PICI, in bromine has k = 
4*5 x 107° ohm™ cm:’, and a solution containing 10 mole-% has x = 2:0 x 10°? 
“2 em?*.°° The solubility of tetrachlorophosphonium dichloroiodide in 
several solvents at 20°C. and the electrical conductivity of the saturated 
solution are given in Table XXIX. The compound is hydrolysed by water or 
aqueous ethanol*®* and is completely dissociated into its constituent mole- __ 
cules PCl, and ICI in carbon tetrachloride.*” 


TABLE XXIX.- SOLUBILITY AND CONDUCTIVITY OF PICl, IN 
NON-AQUEOUS SOLVENTS AT 20°C, 2° 
Solubility 
(wt. %) 


Solvent* 


k,ohm™ emt! 


acetonitrile 
nitrobenzene 
ethyl bromide 
chloroform 
dioxan 


* The following solvents dissolve <0-5 wt. % PICl, _and the 
saturated solutions are non-conductors (x < 10°° ohm 2 om7?):- 
carbon disulphide, carbon tetrachloride, methyl iodide, ethyl 
iodide, ethyl ether, benzene, toluene, xylene, bromobenzene. 


Solutions of pyridine in iodine monochloride have a conductivity higher 
than that of the pure interhalogen because of the stabilizing influence of the 
donor molecule on the iodine cation (Table XXIII). Thermal analysis of the’ 
system reveals two compounds CN, IC? mipy 128-5°Civand: Cer Nes Gime. 
35-1°C., and three eutectics: 20+73 mole-% CsH,N (-G6+3°C.), 35-1 mole-% 

CsH;N (23-6°C.), and 98:9 mole-% CsH;N (-50+2°C.).% The m.p. of recrystal- 
lized pyridine-iodine monochloride ist 134°C, The density of the system at 
50°C. falls from 3+166 for pure IC] to 2*332 for a solution containing 37+24 
mole-% of pyridine. Electrolysis points to ionic dissociation of the melt 
according to equations (25) and (26).° 


Sree! = Ct eN i aie (25) 


Equation (26) Asie be pees with equation (5) for the self-ionization of 
iodine monochloride. 

Solutions of acetamide in iodine monochloride (Table XXIV) and of mix- 
tures of acetamide and iodine monochloride in nitrobenzene, have been studied 
by means of thermal analysis, conductivity, viscosity, density, electrolysis, 
ion transport, solubility and cryoscopy.°*’ The compounds formed are 
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CH,:CONH,,IC] and (CH,-CONH,),,ICI, and the probable ionization schemes 
are given in equations (27) and (28). 


CH,:CONH,,ICI = CH,-CONH,,I” + Cl” (27) 
(CH,*CONH,),,IC] = (CH,-CONH,),I” + Cl” (28) 


The conductivity,°°*” viscosity®**’ and density® of the molten 1:1 compound at 
Ogos Mand 45°C. are k,; = 2-5 « 10°°-ks, = 4-5 & 107°, Kyg = G7 107 ohm” 
cm7'; 5 = 39°40, 35 = 22°04, mys = 13-15 cp.; dy° = 2157. Corresponding 
values for the 2:1 compound are kK,s = 1:56 x 107°, Kgs = 2*83 x 10°°, Kys = 4+69 
x 107? ohm™! cmi!; 755 = 6027, Nas = 29°95; N45 = 17+48 cp.; dy® = 1-794. 

Similar measurements on the system benzamide-iodine monochloride 
(Table XXV) have established a 1:1 compound C,H,*CONH,,ICI, m.p. 36-9° 
(eutectics at 11 mole-% BzNH, (-23° and 53+2 mole-% BzNH, CUS Oe Baral 
The density curve for the system at 50°C. is somewhat convex to the com- 
position axis and falls to 55% of the value for the pure solvent at 58 mole-% 
BzNH,. The density of the compound benzamide-iodine monochloride itself 
is d5° = 1.850% and hence its molar conductivity is 0-184 ohm™* cm.” The 
viscosity at 50°C. is 23-07 centipoises.°’ Jon-transference experiments are 
consistent with the presence of both a monomer and a dimer which ionize as 
shown in equations (29) and (30). 


C,H,*CONH,,ICI = C,H,.CONH,,I* + Cl” (29) 
(C.HCONH,, ICI), = (C,HsCONH,),1* + ICI,” (30) 


There appears to be a dynamic stepwise dissociation of the dimeric cation 
according to equation (31).°° 


(C,H,CONH,),It = C,H,CONH, + C.HyCONH,,I* = 2C,HsCONH, +17 = (31) 


Diethylbenzamide (Table XXVI) dissolves in iodine monochloride with the 
liberation of much heat.”? The density of the conducting solution at 35° 
diminishes regularly (but not linearly) from 3-192 for pure iodine monochloride 
to 1-071 for pure diethylbenzamide. The viscosity curve, on the other hand, 
has a well-defined maximum at 50 mole-%. The properties of the 1:1 addition 
compound diethylbenzamide-iodine monochloride in the molten state are:°° 
d35 = 1-681, d5° = 1-602; m5 = 545, Msp = 18*5 cp.; Kas = 0°47 x 10775. Kip = 
0-98 x 1073 ohm™! cmz! These figures correspond to a molar conductivity of 
0-21 at 50° which is quite appreciable when the high viscosity is considered. 
Investigations of nitrobenzene solutions of mixtures of diethylbenzamide and 
iodine monochloride by means of conductivity, ion transference and cryoscopy 
have shown that the simple complex ionizes in accord with equation (32) and 
also that there is some dimerization to a complex which ionizes as shown in 
equation (33).7* 


C,H,CONEt,,IC] = C,HCONEt,I* + Cl” (32) 
(C.H_CONEt,,ICI), = (C,HsCONEt,).1* + ICI.” (33) 


Similar work on nitrobenzene solutions of acetanilide and iodine monochloride 
are interpreted in terms of a 1:2 complex, acetanilide=di(iodine monochloride), 
which presumably has the structure [CH,-CONHC,H,I] *lICL,)".” 

It will be observed that, in nearly all the solutions discussed, the solute 
reacts with iodine monochloride to furnish either the iodine cation (e.g. 
equations 24 and 25), or the dichloroiodide anion (e.g. equation 18), or both 
(e.g. equation 26). As the pure solvent, iodine monochloride, dissociates to 
give these same two ions (equation 5) it is possible to set up a solvent acid- 
base scheme.? Those complexes which ionize to give the: characteristic 
cation of the solvent (I*) are solvo-acids, and those complexes which furnish 
the characteristic anion (ICI,”) are solvo-bases (cf. H® and OH™ in water), 7597069107 
Donors like pyridine which may furnish both I” and ICl, in solution are best 
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considered as reagents which enhance the self-ionization of the solvent by 
means of co-ordination. Neutralization reactions may be carried out between 
solvo-acids and solvo-bases, and the end-points detected electrometrically. 
Thus, when dissolved in iodine monochloride, the solvo-acid iodine hexa- 
chloroantimonate (i.e. SbCl,,ICl) may be neutralized by the solvo-base potas- 
sium dichloroiodide to form a salt, potassium hexachloroantimonate:-7*"° 


PSpClo ICL = Ke Shc iG! (34) 


Similarly, tin tetrachloride may be thought of as generating a dibasic acid 
(SnCl,,2IC] = I,SnCl,) which may be titrated with a solution of potassium 
chloride in iodine monochloride to give potassium hexachlorostannate.”*"°° 


2KICI, + SnCl, = K,SnCl, + 21Cl (35) 


Further examples of chemical reactions in iodine monochloride are discussed 
in the next sub-section, but it is convenient to summarize here the various 
compounds which are known to dissolve in this solvent to give solvo-acidic 
and solvo-basic solutions respectively. This is done in Table XXX. It may 


TABLE XXX.- SOLVO-ACIDS AND -BASES IN IODINE MONOCHLORIDE* 


KCLICl =K*ICI,” 
RbClICl = Rb*Icl,” 
- CsclIcl = csticl,- 
NH,Cl,ICl = NH,*Icl," 
Pcl, ICl =Pcl,*icl,” 


Solvo-acids 


Alcl,Icl =TItalcl,” 
Sbcl,,ICcl =Itsbcl, 
TiCl,,21Cl = (1,TiCl,) 
SnCl,,2ICl = (1,SnCl,) 
VCl,,2IC] = (1,VCl,) 
NbCl,,ICl = (INbC1,) 


* The complexes in parentheses are postulated hypothetically to ex- 
plain the observed reactions. They are too highly decomposed by 
solvolysis to be isolated as stable complexes. 


The claim that this complex is amphoteric and may react as the 
solvo-acid I*PCl,” does not seem to have been confirmed,”*°° 


also be noted that the use of iodine monochloride as a preparative medium in 
inorganic chemistry is restricted both by the extent of solvolysis, which 
prevents the isolation of many compounds, and by the frequent necessity to 


isolate reaction products by extraction techniques rather than by precipita- 
. 107 ; 
tion. 


CHEMICAL PROPERTIES OF IODINE MONOCHLORIDE 


Iodine monochloride is a very reactive compound which quickly attacks 
the eyes, nose and throat and causes bad skin burns. The most effective 
antidote for burns is 6 N-hydrochloric acid. It also reacts vigorously with 
cork, rubber and other organic substances. The chemical properties of iodine 
monochloride may be conveniently discussed under six fairly distinct head- 
ings: reactions with elements; reactions with inorganic compounds; reactions 
with organic compounds; molecular addition compounds; addition reactions 
with unsaturated organic compounds; and applications to analysis. 

The reaction of iodine monochloride with about forty elements has been 
studied.*** If reaction occurs it is invariably chlorination, never iodination. 
Chlorination frequently goes to the highest valency state and is complete if 
the chloride is insoluble in iodine monochloride. The excess iodine mono- 
chloride and the liberated iodine may be extracted with carbon tetrachloride 
to give the reaction product. In exceptional cases a lower chloride is formed, 
e.g. vanadium trichloride from metallic vanadium.* This is a most useful 
method of preparing anhydrous vanadium trichloride which is otherwise 
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difficult to obtain. Other useful preparative reactions are the 100% yields of 
gold trichloride, mercury dichloride and tellurium tetrachloride, which are 
obtained by warming the metals with the interhalogen. Reaction with sodium 
is incomplete because of a protective layer of sodium chloride. By contrast, 
potassium reacts explosively to give potassium dichloroiodide. No reaction 
is observed with boron, carbon, silicon, lead, cadmium, zirconium, niobium, 
tantalum, chromium, molybdenum, tungsten or platinum under the conditions 
employed.”* The results are summarized in Table XXXI. 


TABLE XXXII. - REACTION OF ELEMENTS WITH IODINE MONOCHLORIDE*™* 


Product | % Yield || Element Product % Yield 


Element 


Nacl Cucl, 45 
KICI, AgcCl 
MgCl, Aucl, 
Cacl, ZnCl, 
Bacl, none 
none See 
AlCl, Ticl, 
Incl,(?) none 


none 


vcl, 


none none 
Gecl ‘i® none 
Sncl, 


none 
none 


none 


PCl, none 
PCl, 

Ascl, MnCl, 
SbCl FeCl, +Fecl, 
Bicl, CoCl, 
s,C1,(?) ee 
SeC1,(?) none 


Teel, 


The mechanism of the photochemical reaction between gaseous iodine 
monochloride and hydrogen has been the subject of some controversy.°""*"" 
From experiments in a flow system with p,,, = 40 mm. and py, = 715 mm. it 
now seems that the quantum yield of hydrogen chloride is 1-5 £ 0+2, although 
this value may be high.**® When the reaction is studied in a static system at 
several pressure ratios using an exciting radiation of 4358 A., the quantum 
yield increases from 0 to 0-037 when the pressure ratio p,, /Pyc, increases 
from 0 to 20.°° The nature of the surface is important, a coating of sodium 
chloride on the glass increasing the yield 6-fold. The results in both flow 
and static systems appear to be consistent with the following mechanism:-°'"* 


AH Eact, 


kg.-cal. mole™ 


(a) ICl+hAhyv =1f+Cl 

(b) Cl+H, =HCl+H 0-9 695 
(c)H+ICl =HCI+I -52:2. 27 
eniclicl = Cl +1 SOK 
(e)I+I1+M=I,+M -35*4 = 


If only reactions (a), (6), (c) and (e) were involved, then the quantum yield of 
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hydrogen chloride would be exactly 2. The lower values obtained suggest 
that both hydrogen and iodine monochloride compete for the atomic chlorine 
according to reactions (b) and (d).‘** The homogeneous, thermal, dark re- 
action between iodine monochloride and hydrogen has also been studied both 
experimentally*® and theoretically.179*** The rate of reaction becomes 
appreciable above 200°C. and the rate constants k, at t°C. are kyo, = 0+031 + 
0-006; k,3, = 0+17 + 0-06; and Faa0 = 0955 + 0-06. The corresponding 
activation energy is 33-9 kg.-cal. mole™* 

Iodine monochloride is not appreciably hygroscopic in aie but on pro- 
longed exposure to a moist atmosphere it forms a surface film of iodine 
pentoxide.** The compound is hydrolysed by pure water according to equa- 
tions (10) and (11) unless it is stabilized by hydrochloric acid or sodium 
chloride, *%5%75%*5:86'?2, Metal oxides react to give only chlorides, and not 
mixtures of chlorides and iodides as previously thought.”* On the other hand, 
silver sulphide and the sulphides of zinc, cadmium and lead (II) react vigo- 
rously to give the corresponding iodide and disulphur dichloride:-*™ 


2MS + 4ICl = 2MI, + S,Cl, + Cl, (36) 


The nitrates, sulphates and cyanides of sodium and potassium are converted 
into chlorides with the concurrent formation of iodine nitrate, sulphate and 
cyanide.*°* Other cyanides which react according to equation (37) are those 
for which M is ammonium, ca#sium, cadmium, copper (I), silver and lead 


(IT):-2% 
MCN + ICI = MCI + ICN (37) 


Potassium cyanate forms potassium chloride and iodine tricyanate (equation 
38) and a similar reaction is given by lead (II) cyanate. 


3KCNO + 3ICl = 3KCl + I(CNO), + I, (38) 


The analogous reaction (39) with thiocyanates to give iodine trithiocyanate 
occurs when M is ammonium, potassium, silver or lead (II). 


3MCNS + 3ICl = 3MCIl + I(CNS), + I, (39) 


Iodine tricyanate is a dark brown powder which chars without melting at 
temperatures above 160°C.; it is sparingly soluble in water and ethanol. 
Iodine trithiocyanate is a yellow-brown powder which chars above 260°C.; it 
dissolves in concentrated sulphuric acid but is sparingly soluble in water and 
most organic solvents.*** In acetic acid solution, potassium cyanide and 
thiocyanate react as above but the cyanate decomposes. The heavy metal 
acetates give yellow, crystalline, intermediate products of composition 
Pb,(OAc),,ICI and Cd,(OAc),,2IC] which may speculatively be considered as 
basic salts in the acetic acid solvent system: PbICI,Pb(OAc),; and 2CdICIl, 
Cd(OAc), or CdCl,,CdI,,Cd(OAc),. The corresponding copper salt Cu,(OAc)s, 
ICI is pale blue and may hypothetically be formulated** as CuICl,Cu(OAc),. 
Phosphorus trichloride undergoes an intensely exothermal reaction with iodine 
monochloride but the anticipated product in which one chlorine atom of the 
pentachloride is replaced by iodine, PCl,I, is not obtained. In the first stage 
of the reaction the trichloride is oxidized by the interhalogen to the penta- 
chloride and this then reacts to form the addition compound phosphorus iodine 
hexachloride”* (see page 497). 


PCl, + 2IC] = PCl, +I, (40) 
PG]. +ICl = PIG (41) 


As reaction (40) is a balanced equilibrium, the final product may also be 
obtained by the reaction of phosphorus pentachloride with iodine. A fourth 
preparation of phosphorus iodine hexachloride is by the addition of iodine 
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trichloride to phosphorus trichloride. ”**°* 

The reaction of iodine monochloride with organic compounds may result in 
complete decomposition, iodination, chlorination or the formation of an addi- 
tion compound. Formic acid, in the presence of aqueous hydrochloric acid, 


undergoes a second order reaction to give iodine, hydrogen chloride and carbon 
dioxide.*** 


ICl + HCO,H = HI +HCl + CO, (slow) 
IC] + HI = I, + HCl (fast) 


2ICl + HCO,H = I, + 2HCl + CO, (42) 


The reaction rate decreases with increasing concentration of hydrochloric 
acid and is 4*7 x 1075 1. mole”? min.“ at 45°C. When formamide is used 
instead of formic acid, ammonium chloride is also formed:-** 


2IC1 + HCONH, + H,O =I, + HCl + NH,Cl + CO, (43), 


Acetanilide and other N- or ring-substituted anilines are iodinated in acetic 
acid,*® as are Schiff’s bases when dissolved in glacial acetic acid, carbon 
tetrachloride or chloroform.’** Salicylic acid, o-HO.C,H,.CO,H, in glacial 
acetic acid gives 2-hydroxy-3,5-di-iodobenzoic acid in 92% yield, and 4- 
hydroxybenzoic acid yields 84% of the 3,5-di-iodo derivative.” Tyrosine, 
p-HO.C,H,.CH,CH(NH,).CO,H, reacts with iodine monochloride in acetic acid 
to give 85% of the di-iodo derivative."** The interhalogen, when dissolved in 
6 N-hydrochloric acid solution, gives the mono-(5-) or di-iodo-(5,7-) derivatives 
of 8-hydroxyquinoline and 8-aminoquinoline, depending on the number of moles 
of iodine monochloride added.*® If the same reaction is carried out in chloro- 
form solution, molecular addition compounds may be isolated as stable inter- 
mediates (see Table XXXII). Various substituted thiazoles may also be 
iodinated in hydrochloric acid solution to give the 5-iodo derivative, e.g. 

2-amino-4-methylthiazole, (I), 2-aminothiazole, 2- 

amino-4-thiazolecarboxylic acid, 2-acetamidothia- 


Mere zole, 2-acetamido-4-methylthiazole, and 2-acetamido- 
4-thiazolecarboxylic acid.’° These compounds are 

HCG CNHs useful as narcotics. Occasionally, thiazole~iodine 
oa monochloride addition compounds are formed (see 


Table XXXII). A solution of iodine monochloride in 

(1) acetic acid iodinates phenols, hydroxybenzoic acids, 
hydroxynaphthoic acids and aromatic ethers.*® Under 

different conditions, the same reagent chlorinates 

hydroxynaphthoic acids, alizarin and di(p-hydroxyphenyl), the latter compound 
yielding the 3,3/5,5‘-tetrachloro derivative.**” Iodine monochloride reacts 
with 1,4-dioxan to give the 2,3-dichloro derivative’”® (see also Table XXXII). 
Similarly, N-substituted malonamides, which contain an active methylene 
group, usually give the corresponding dichloromalonamide, but in some in- 
stances only one of the active hydrogens is replaced, a second chlorine 
entering the ring, e.g. N-phenylmalonamide, PhNH.CO.CH,.CO.NH,, yields 
(chloromalono)(chloropkeny!)amide, CIC,H,.NH.CO.CHCI.CO.NH,.’*”* Iodine 
monochloride reacts with organo-mercury compounds in various solvents to 
give iodides except when secondary reaction with excess interhalogen con- 
verts the organic iodide into a chloride.**° Thus, 95% yields of p-iodoanisole, 
p-MeO.C,H,I, are obtained from both di(p-anisyl)mercury, (p-MeO.C,H,),Hg, 
and p-anisylmercuric chloride, (p-MeO.C,H,)HgCl, and @ -naphthylmercuric 
chloride, (B-C,.H,)HgCl, gives [-iodonaphthalene in similar yield. The 
same reaction, but in lower yield, is given by diphenylmercury and by p- 
tolylmercuric chluride, p-MeC,H,HgCl. On the other hand, (6 -phenylethyl)- 
mercuric chloride, PhCH,.CH,HgCl, gives about equal amounts of the chloride 
and the iodide.!®° The action of iodine monochloride on arylazoacetoacetates, 
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(II), in acetic acid is considerably influenced, or sometimes completely 
altered, by the nature of the groups present in the phenyl nucleus.** 


CO.Me CO.CH,I Cl 
RNH.N:C.CO,Et RNH.N:C.CO,Et RNH.N:C.CO,Et 
(II) (III) (IV) 


When R is 2,4,6-tribromo, 2,4-dibromo, p-bromo-, p-nitro-, or o-nitro-phenyl, 
then iodine is substituted in the acetyl group, (III) (80% yield). When R is 
2,4-dinitrophenyl, then chlorine substitution in the acetyl group occurs (70% 
yield); but when R is p-chlorophenyl, the acetyl group is replaced by chlor- 
ine, (IV), (20% yield). When R is phenyl, the acetyl group is replaced by 
chlorine and iodine substitutes para in the phenyl nucleus, (V), (20% yield).*** 


Cl COMe COMe 
p-I.C.H,.NH.N:C.CO,Et —_0-NO,.C,H,.NH.N:CH Br,.C,H,.NH.N:CCl 


(V) (VI) (VII) 


The related compound pyruvic aldehyde-o-nitrophenylhydrazone, (VI), is 
monoiodinated in good yield in the methyl group, but pyruvic aldehyde- 
tribromophenylhydrazone is chlorinated at the aldehyde position to give com- 
pound (VII) in 20% yield.*** 

The kinetics of exchange reactions between iodine monochloride and 
benzyl bromide or iodide in dilute carbon tetrachloride at 25° are second order 
with respect to the interhalogen and first order with respect to the organic 
halide.***> If X =I or Br, then the rate of reaction is dlIX]/de = ALPhCH,x] 
[ICI]?. The proposed mechanism proceeds through the formation of a complex, 
PhCH,X.ICI, followed by a rate-determining Walden-inversion reaction between 
the complex and a further molecule of interhalogen to give the products, viz. 
benzyl chloride, iodine and regenerated iodine monochloride.*** The exchange 
mechanism with tsopropyliodide is also second order with respect to iodine 
monochloride, but the reaction rate is not proportional to the concentration of 
organic iodide because a large fraction of this is complexed to give Me,CHI, 
ICl, K * 7-4 1. mole™*. In this instance, details of the reaction mechanism 
remain obscure.*** The kinetics of halogen substitution reactions between 
iodine monochloride and aromatic compounds of the type anisole, acetanilide, 
pentamethylbenzene and p«tolyl methyl ether satisfy a third-order equation.” 
In acetic acid and in chlorobenzene solutions, the iodination of these com- 
pounds is accompanied by some chlorination, the relative degree of chlorina- 
tion being modified either by the removal of hydrogen chloride as it is formed, 
or by change of solvent.*’ The variation in the type of substitution is related 
to the molecular constitution of the interhalogen in the various solvents (see 
page 489 where the dual character of iodine monochloride in solutions is 
discussed in relation to electrical conductivity and absorption spectra). Thus, 
iodine monochloride in carbon tetrachloride reacts but slowly with silver 
perchlorate to precipitate silver chloride, whereas in nitrobenzene, in which 
the interhalogen is ionized, precipitation is immediate.”* Another example of 
the variation in chemical reactivity of iodine monochloride as a function of 
the properties of the solvent is its reaction with salicylic acid. The main 
reaction between solid salicylic acid and gaseous iodine monochloride is 
chlorination, for homolytic fission of the interhalogen leads to chlorination by 
chlorine rather than iodination by iodine.*® However, in carbon tetrachloride 
solution (low dielectric constant) iodination predominates, accompanied to a 
small extent by chlorination; in such a solution, and in the presence of a 
phenolic group, heterolytic fission is induced in addition to the normal thermal 
dissociation so that both iodination by the iodine cation and chlorination by 
chlorine molecules occurs. Finally, in a solvent of high dielectric constant 
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such as nitrobenzene, heterolytic fission is always favoured, and iodination 
by I* is observed exclusively.’* 

The molecular addition compounds of iodine monochloride with organic 
compounds are summarized in Table XXXII. Adducts with inorganic com- 
pounds, and certain unstable addition complexes with organic compounds have 
already been discussed (see pages 490-492, 500 and 496-498), The compounds 
listed in Table XXXII are prepared by direct interaction of the components 
either in acid media (acetic acid or 6 N-hydrochloric acid) or in an inert 
solvent such as carbon tetrachloride or chloroform. The compounds are 
frequently pale yellow, suggesting the presence of the dichloroiodide ion. 
The complex with dioxan is red-brown’*™* and those with the hydrochlorides of 
p-phenanthroline dihydrate and 6-aminoquinoline are orange-red.** The 
1:1:1 complexes formed between an organic donor, hydrogen chloride, and 
iodine monochloride are presumably salts of quaternary nitrogen cations and 
the dichloroiodide anion, e.g. C;H;N,HCI,ICI] = C,H,NH“ICI,°. 


TABLE XXXII.- MOLECULAR ADDITION COMPOUNDS OF 
IODINE MONOCHLORIDE 


mole ratio MD; sate 
donor: ICl e ; 


56= 58 
134,135 
351 

182 
157 
118 
158 
155 
182— 184 


Dioxan 
Pyridine 


—_ 
ee 


Par ye ae ee 


Pyridine, HCl 
Quinoline 
Quinoline, HCl 

iso Quinoline 
isoQuinoline, HCl 
8-Hydroxy quinoline 


6-Hydroxy quinoline 
5-Amino quinoline 
6- Amino quinoline, HCl 
Acridine, HCl 
o-Phenanthroline, HCl 
p-Phenanthroline, HC1,2H,O 
2- Acetylamino-4-methyl-5- 
iodothiazole - 126, 136 
2- Amino-5-iodo-4-thiaZole- 
carboxylic acid : 217=— 218 126 
Benzamide i 3609 65 
N-Diethylbenzamide : " 73 
Acetamide : ? 63,67 
? 67 
? 133 


l: 
1: 
1: 
ne 
if 
1: 
1; 
uk 
1: 
1s 
ue 
1: 
1B 
i 
il 


Triphenylmethyl bromide 


Iodine monochloride readily adds on to olefinic double bonds, the reaction 
being initiated by the iodine end of the interhalogen.**”*** In hydrochloric 
acid solution, propylene yields 69% of the 2-chloro-1-iodo-derivative, MeCHCl. 
CH,I, and 31% of the 1-chloro-2-iodo-derivative, MeCHI.CH,Cl; styrene 
yields 95% of 1-phenyl-1-chloro-2-iodoethane, Ph.CHCI.CH,I; and ethylene- 
sulphonic acid, CH,:CH.SO,H, yields 90% of 2-chloro-1-iodoethyl-1-sulphonic 
acid, CICH,.CHI.SO,H. A similar reaction with crotonic acid, MeCH:CHCO,H, 
yields 92% of [-chloro-a-iodobutyric acid, MeCHCl.CHI.CO,H, but if the 
interhalogen is dissolved in chloroform and the reaction is conducted in 
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boiling pyridine, then a-iodocrotonic acid is obtained by substitution.**’ 
Butadiene in methylene chloride at -35°C. gives mainly the 1,4-addition 
product, ICH,.CH:CH.CH,Cl, accompanied by 22% of the 1,2-product, ICH). 
CHCI1.CH:CH,.'**® The reaction has been used to determine the degree of 
unsaturation in natural and synthetic rubbers,***** and some attempt has been 
made to elucidate its mechanism. ****#'*° Thus, in acetic acid solution, the 
addition of iodine monochloride to unsaturated fatty acids shows third-order 
kinetics; it is 33 times faster than the addition of iodine bromide, but 40 
times slower than the addition of bromine monochloride.** 

Iodine monochloride finds several uses in volumetric analysis. A solu- 
tion of the interhalogen in dilute hydrochloric acid cannot be titrated directly 
with sodium thiosulphate, but if sodium acetate and potassium cyanide are 
added first, the reaction is rapid and quantitative. *? 


ICl+ CN =ICN + Cl” 
ICN + 28,0,” =F + CN’ +S,0,7 


ICP328;0 Gre Iie Oe a (44) 


Arsenious oxide may be titrated to the starch end-point in bicarbonate solu- 
: 144 
tion.” 


H,AsO, + 1ICl + 2HCO, =H,AsO, +I + Cl +H,O + 2CO, (45) 
At the end-point, iodine is liberated according to equation (46):- 
1G] + 1s let Clg (46). 


Phenol, resorcinol, 2-naphthol and 8-hydroxyquinoline may be directly titrated 
with iodine monochloride in 4 N-hydrochloric acid using the starch-iodide 
indicator.*** Iodine monochloride itself may serve as a convenient indicator 
in reactions other than the Andrew’s titration with iodates. Iodide may be 
directly titrated to the iodine monochloride end-point with potassium perman- 
ganate, potassium dichromate, potassium iodate or ceric sulphate solutions.**® 
Advantages of this procedure are that arsenic and antimony may be determined 
directly with potassium permanganate or ceric sulphate; the electrometric 
end-point for ceric titrations is avoided; the danger of losing iodine when 
iodates are used is eliminated; and it is possible to standardize several 
oxidizing agents against the same primary standard.****” In the same way, 
thallous salts may be precisely determined with 0-1 N-iodate solution in 1-5 
N-hydrochloric acid using the iodine monochloride end-point.**® 


IODINE TRICHLORIDE 


Iodine trichloride may be prepared by passing chlorine over iodine until it 
is converted into the monochloride and then volatilizing the monochloride at a 
higher temperature into the stream of chlorine. The product is condensed at 
O°C. and may be sealed off under reduced pressure. The process, although 
rapid, depends critically on the dimensions of the apparatus and the flow-rate 
of chlorine.**? Further disadvantages are the low yield and a slight con- 
tamination of the product with iodine monochloride. The trichloride is most 
conveniently prepared by condensing chlorine from a commercial cylinder into 
a large test-tube or flask cooled in solid carbon dioxide/ether, and then 
adding finely powdered iodine to fill the liquid space. Excess chlorine is 
removed by vaporization into a second flask where the process may be re- 
peated. The yield is 100% based on the iodine used.**° 


PHYSICAL PROPERTIES OF IODINE TRICHLORIDE 


X-Ray analysis of the crystal structure of iodine trichloride has revealed 
that the compound consists of planar molecules, I,Cl,, having negligible 
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deviations from the point-group symmetry mmm.*** Fig. 2 shews that each 


iodine atom is surrounded by two chlorine atoms at 2-38 and 2-39 A, and two 
others at 2°68 and 2-72 A. It will be noted that all these values are con- 
siderably greater than the I~ Cl bond distance in iodine monochloride, 2°32 A. 
The Cl-Cl distances within the molecule (3°51, 3:56, 3°61 and 3-67 A.) are 
very similar to the closest approach of two chlorine atoms in different mole- 


cules (3:55, 3°57 and 3°60 A.). 
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Figure 2. 


The triclinic crystals are complexly twinned and belong to the space group 
Pl (no piezoelectric effect). There is one molecule of di-iodine hexachloride 
per unit cell:- 


a= 5-71 + 0-03 a = 130°50" + 10° 
b = 10-88 + 0-02 B= 867514 “10 
c= 548 + 0-03 y = 108°30’ + 10’ 


The b-axis corresponds with the I-I vector and is the needle axis of the 
crystal. The calculated density,*** 3-17 + 0-06 g. ml‘, agrees with an experi- 
mental value d*° = 3-203 g. mlz? which was obtained pyknometrically using 
liquid chlorine as the confining fluid.” The molar volume (1,Cl,) is 147-2 
mies on l4)¢7 mi. 

The electrical conductivity of solid iodine trichloride increases from 1-90 
x 10°§ ohm cm7! at 70-0°C. to 8°35 x 107° ohm™ cm%* just below the m.p.”° 
The results, which were obtained by fusing the trichloride under pressure and 
then solidifying it in a conductivity cell with tungsten electrodes, are pre- 
sented in Table XXXIII. There is a slight discontinuity as the compound 
melts. The conductivity of the liquid increases slowly to a maximum of 9-6 x 
107? ohm™? cmz? at 111°C. after which it decreases until, at 145°C., it is equal 
to that of the solid ten degrees below the m.p. (Table XXXIV).7° The ab- 
sence of a decomposition potential in the melt, and the approximate continuity 
of the conductivity through the m.p., might seem to argue against an ionic 
conduction mechanism, but the facts are also difficult to interpret on a semi- 
conduction mechanism. Further work on transport experiments and on the 
thermoelectric effect has been advocated to elucidate the type of conduction 
occurring.”° The X-ray structure of the solid indicates that there are two 
distinct I-Cl bond distances and this might be interpreted in terms of an 

IODINE TRICHLORIDE” 


95-0 |96-2 |97-7 |99-4 |100-1 
2°64| 4668 | 6-87] 825] 835 


ionic form ICL,*ICI,", but the structure factors involved show that the effect is 
more complicated than a simple mesomerism between the two forms*** shown in 


Fig. 3. 


TABLE XXXII.- SPECIFIC CONDUCTIVITY OF SOLID 


ate 
x. 10° ohm™ emz! 


0-0190 | 0-0597| 0-175} 0-490 
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TABLE XXXIV.- SPECIFIC CONDUCTIVITY OF MOLTEN 
IODINE. TRICHLORIDE” 


109.3 | 11265 
Pt seal Paes SK 


° cm. e ® e 
°C. 1229 127-0 131-0 135-5 139-0 
k. 10° ohm™ cm7? 8°15 6°73 4052 2039 1-29 
= ES: ay =o 
Cl Cy Cl 
ve ie a ne 
Cl el Cl Cl 


Pigs: 
MESOMERIC FORMS OF IODINE TRICHLORIDE 


The thermodynamic constants of iodine trichloride have been obtained from 
the pressure and composition of the vapour over the invariant system IC1,(s),- 
ICl(1), ICl(g), Cl(g) at 25° and 35°C.” The equilibrium constant for reaction 
(47) is given by K = Pict -Pcl, atm.” and the values at 25° and 35° are 1-09 x 
10° and 436 x 107° atm.?; the corresponding heat content change and free 
energy change are AM}.,.46 = 25*3 kg.-cal. mole* and AG$,,.,. = 40°4 kg.-cal. 
mole™*, These values lead**? to the standard heat and free energy of forma- 
tion according to equation (48): -AH? = 21-15 kg.-cal. mole™; =AGooe16 = 
5-41 kg.-cal. mole™. 


IC1,(s) = ICl(g) + Cl(g) (47) 
“l,(s) + Cl,(g) = IC1,(s) (48) 


The standard virtual entropy of solid iodine trichloride is*® S9,,,. = 41-1 g.- 
cal. deg.”* mole™’. 

Non-aqueous solutions of iodine trichloride, like those of the monochlore 
ide, have zero decomposition potential.***5**** Solvents investigated include 
liquid sulphur dioxide, dichloroacetic acid;*** bromine, arsenic trichloride, 
nitrobenzene;**"** and acetic acid.**#5%55 The absence of a decomposition 
potential may be ascribed to the fact that the products of electrolysis are 
already in the solution as a result of thermal dissociation.” This is sup- 
ported by spectrophotometric measurements on the (non-conducting) solutions 
of iodine trichloride in carbon tetrachloride, which indicate complete dis- 
sociation according to equation (49),”* 


1, - mn CCl,) = ICI (in CCl,) + Cl, (in CCI,) (49) 


The potential of an I|ICl, electrode has been measured by means of cells of 
the type:-°” 
(+I | aq. ICI, | N-KCl | Hg,Cl, + N-KCI | Hg-) and 
(+Pt | aq. ICI, | N-KCI | Hg,Cl, + N-KCI | Hg-). 
The standard electrode potential is Eytqj, = 1:032 V. An iodine trichloride 


electrode has been set up in ether, ere at the ether/water interface 
being suppressed by the use of concentrated salt solutions.* The cell:- 
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(Pt | ICI, in Et,O | aq. ZnSO,,LiCl | Zn-Hg) 


has an initial e.m.f. of 2:0 V. and this decreases to 1-8 V. over a period of 
one month,*** The corresponding cell using magnesium instead of the Zn-Hg 
couple has an e.m.f. of 2«3- 2:5 V. but the magnesium corrodes rapidly. The 
cells have the advantage of high e.m.f., large capacity and high rate of dis- 
charge, but they have a relatively short life. The solubility of iodine tri- 
chloride in anhydrous acetic acid is 33 weight-%; if traces of water are pre- 
sent, hydrolysis to iodic acid occurs rapidly.* The electrical conductivity 
of iodine trichloride in the anhydrous acid at 18°C. is given in Table XXXV; 


TABLE XXXV.+- SPECIFIC CONDUCTIVITY OF IODINE 
TRICHLORIDE IN ACETIC ACID AT 18°c.*55 


0-0558 | 0-525 | 1-408 3°857 7267 
0-734 2527 | 46229 | 14-79 49-66 


wt.-% ICI, 9-695 16-41 22034 29°84 33¢26 
K.10° ohm™ cm? | 74-07 [138-7 | 340-4 | 729-3 | 956-8 
it is about five times as great as the conductivity of iodine monochloride in 


the same solvent (see page 489)."*° The electrical conductivity of solutions 
of iodine trichloride in methyl ethyl ketone varies with time, presumably 


owing to chemical reaction.** For example at 25°C. a solution of concen- 


tration 1:95 x 10°* mole 1.“ had an initial conductivity of 3-904 x 107°; this. 
decreased to a minimum value of 1-797 x 10°° in five minutes and then rose to 
a maximum value of 6-271 x 107° ohm™ cm.’ after 18 hours, after which it 
slowly diminished again. The nature of the ions present in non-aqueous 


solutions of iodine trichloride does not appear to have been satisfactorily 
elucidated, 1539155157158 


CHEMICAL PROPERTIES OF IODINE TRICHLORIDE 


In the ternary system I-Br-Cl at 29+8°C., the solid phases are iodine 
trichloride, iodine monobromide and solid solutions of iodine monobromide in 
iodine; no ternary compound was found.**® The degree of hydrolysis of 
iodine trichloride in water depends on the dilution and increases from 76% at 
15 1. to 83-5% at 100 1. per mole ICI;.*°% The reactions occurring during hydro- 
lysis are complicated, but have been formally represented by equation (50):-"** 


3ICl, + 6H,O = 9HC1 + HI + 2HIO, (50). 


Iodine trichloride, when dissolved in concentrated hydrochloric acid or in aqua 
regia, is a successful solvent for sulphidic minerals, especially pyrites.*® 
With phosphorus trichloride the interhalogen forms the addition compound 
phosphorus iodine hexachloride*” (see page 497). 

The addition compounds of iodine trichloride with pyridine, quinoline and 
trimethylamine and their hydrates have been described.*°"** The compounds 
with pyridine and quinoline are yellow and are readily soluble in water, 
ethanol or acetone.*™ Addition reactions with alkaloids have also been 
studied; nicotine takes up two moles of iodine trichloride for each nitrogen 
atom; sparteine takes up one mole in hot solution but two moles in the cold; 
pilocarpine takes up but one mole of iodine trichloride.*** Iodine trichloride 
adds to acetylene to give the yellow crystalline 1,1,2-trichloro-1-iodoethylene, 
CICH:CHICI,.**% The addition reaction between iodine trichloride (in 
CCl,) and hydrocarbons is limited to those hydrocarbons with one or 
two isolated double bonds or two conjugated double bonds. With sub- 
stancés containing three or more conjugated double bonds and with sterols, 
hexachlorination occurs with the liberation of iodine.*® 
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R.+ ZIG], ='RE]l. FL (51) 


This reaction has been developed’® into a procedure for estimating vitamin D 
to within +5%. A solution of iodine trichloride in aqueous sodium chloride 
has been added to unsaturated fatty acids and esters; e.g. acetylenedicarb- 
oxylic acid (:C.CO,H), is said to yield the iodosochloride of a-chloroacrylic 
acid, (VIII), by cyclization and decarboxylation,*®’ but the product may also 
be formulated as the addition compound of iodine monochloride and a lactone, 


(IX). 


H - C==CC1.CO Tae Ry  coaaiaa 
| | 

Cl-I O (BAC OS, Cl-I O 
(VIID) (IX) (X) 


The dimethyl ester of acetylenedicarboxylic acid (:C.CO,Me),, yields a pro- 
duct which is not decarboxylated, (X).*°? Fumaric acid (:CHCO,H), undergoes 
decarboxylation, elimination of hydrogen chloride, and cyclization to give the 
infusible solid (XI).?° 


aipearer 


[ote pasiegs 
| 
O.CO.CH:CHCO,H (XD 


A Friedel-Crafts reaction between iodine trichloride and benzene in ether 
below O°C. gives mainly chlorosubstitution products plus small amounts of 
iodobenzene.*** Iodine trichloride alone, when added to benzene or its solu- 
tion in carbon tetrachloride, reacts vigorously in such a way that chlorine 
substitutes simultaneously in adjacent positions in the nucleus (vicinal 
dichlorination).*°° Thus, the product of direct action yields 7% of chloro- 
benzene, 27% of o-dichlorobenzene (but no p-dichlorobenzene), 6% of 1,2,4,5- 
tetrachlorobenzene, and 3% of hexachlorobenzene. Similarly iodine trichlo- 
ride (4 moles) and benzene (1 mole) in carbon tetrachloride yields 67% of o- 
dichlorobenzene and 32% of 1,2,4,5-tetrachlorobenzene. Anisole under the 
same conditions gives 40% of 3,4-dichloroanisole, and butyryl chloride gives 
16% of the a B-dichloro-derivative, MeCHCI.CHCI.COCI. Geometrical 
considerations suggest that this vicinal dichlorination results from the tran- 
sient formation in solution of the dimeric molecule I,Cl, which is found in the 
solid state. Thiophen is completely chlorinated to octachlorotetrahydro- 
thiophen.*” Acetanilide yields N-dichloroiodoacetanilide, PhN(ICI,)CO.Me.*”° 
Diaryliodonium compounds (e.g. Ph,ICl) may be synthesized by the energetic 
reaction of phenyltin trichloride, PhSnCl,, with iodine trichloride in dilute 
hydrochloric acid.*™ 


ICl, + 2PhSnCl, = Ph,ICl + 2SnCl, (52) 


The same compound also results from the reaction of iodine trichloride with 
diphenyl mercury.*™ 


IC], + Ph,Hg = Ph, ICI + HgCl, (533) 


These new methods of preparing iodonium salts are simpler and more rapid 
than methods previously described. 
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SECTION XVII 
THE OXIDES AND OXYACIDS OF CHLORINE 
By C.C. ADDISON 
CHLORINE MONOXIDE 


The compound Cl,0 should properly be termed dichlorine monoxide, 
especially in view of the importance of the unit ClO in decomposition pro- 
cesses. In this account, however, the name chlorine monoxide is retained 
because of its widespread usage in chemical literature. 


Preparation. 

Chlorine monoxide is a true anhydride of hypochlorous acid, which it gives 
readily on solution in water: Cl,O + H,O0 = 2HOCI. It can be prepared: by 
removing water from hypochlorous acid, using, for example, phosphoric oxide 
or anhydrous calcium nitrate. When an aqueous solution of the acid is shaken 
with carbon tetrachloride, the latter becomes brown-yellow in colour and con- 
tains dissolved chlorine monoxide. These distribution experiments indicate 
that chlorine monoxide is about 8 times as soluble in carbon tetrachloride 
as in water, and that in a 0+2N. solution of hypochlorous acid there is about 
0-02% of chlorine monoxide. When a current of air is passed through a solu- 
tion of hypochlorous acid, chlorine monoxide is carried away in the air 
stream.** Pure anhydrous chlorine monoxide may be prepared by distilling a 
25% solution of hypochlorous acid in vacuo, over mercuric oxide. The dis- 
tillate is collected in three receivers in series, cooled to 0°, ~20° and ~80°. 
The first two receivers effectively remove hypochlorous acid, and chlorine 
monoxide condenses in the third receiver.’ The standard laboratory method of 
preparation, by reaction of chlorine with mercuric oxide, has already been 
described (Mellor,II,240). This method has been adapted for large-scale 
production by passing over mercuric oxide a mixture of chlorine with an inert 
diluent such as carbon tetrachloride. The monoxide is removed, and the basic 
mercuric chloride produced is treated with alkali to reprecipitate mercuric 
oxide, which may be used again.* An important general method of preparation 
employs the reversible hydrolysis of chlorine: Cl, + H,0 = HOCI + HCl. In 
order to maintain the forward reaction, the hydrochloric acid must be removed 
and this may be done in a variety of ways. If chlorine is passed into a solu- 
tion of potassium hypochlorite, the OCI” ions are converted to HOCI: OCI" + 
HCl — HOCI] + Cl*. When the solubility of hypochlorous acid is exceeded, 
decomposition occurs and continued passage of chlorine into the solution 
gives chlorine monoxide. The hydrogen chloride can also be removed by 
sodium sulphate or phosphate, when the SO,” and HPO,” ions give HSO,” and 
H,PO,; or by sodium carbonate or bicarbonate, when the ions CO,” and 
HCO, yield CO, and H,CO; This method has been developed on an indus- 
trial scale; an alkali metal carbonate or bicarbonate is treated with chlorine 
at 200°, or the silicate, hydroxide or phosphate is treated at temperatures not 
less than 150°, when gaseous chlorine monoxide is evolved.*® 


Physical Properties. : 
A determination of the freezing point from cooling curves’ gave the melting 
point as ~116° + 1°. When, however, the gas was carefully purified by drying 
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over phosphoric oxide followed by liquefaction and the removal of chlorine or 
air present by distilling off part of the chlorine monoxide, a sample was 
obtained melting at -120-6°C.° From vapour pressure studies, the boiling 
point is found to be 2:0° at 760 mm. The Trouton constant is 22-5, so that 
little or no association can take place in the liquid state. Measured by a cal- 
orimetric method, the heat of solution of 1 mol. of chlorine monoxide in 2072 
molecules of water is 8-737 kg.-cal./mol.® A plot of the logarithm of the 
equilibrium constant K against 1/T for the reaction Cl,0(g) + H,O —> 2HOCI 
aq. indicates, however, that the heat of solution is sensitive to temperature to 
a surprising degree; at 5°, 10° and 18°, AH for this reaction is 9+3, 11:4 and 
16-0 kg.-cal. respectively.** This variation is no doubt responsible for the 
apparent discrepancies in several of the calculated thermodynamic functions 
which include this quantity. The plot of the logarithm of the vapour pressure 
of chlorine monoxide (p mm.) against 1/T gives a straight line represented by 
log,p = -1373/T + 7:87. From the slope of this line, the latent heat of 
evaporation is 6+2 kg.-cal./mol.” In common with other oxides of chlorine, 
chlorine monoxide is endothermic and is not obtained directly from the elements. 
Heats of formation are therefore calculated values, and show some discrepancy; 
those quoted are 16-24,%° 18-647" and 23-57? kg.-cal./mol. From measurement 
of the heat liberated when chlorine monoxide explodes, a value of 25-1 kg.- 
cal./mol. was calculated.'® ‘The entropy of chlorine monoxide gas at 25° and 
1 atmosphere is 67-9 g.-cal./degree.** The true value may be somewhat higher 
owing to possible errors in the values employed for the heat of formation of 
chlorine monoxide.*? 

Partial pressures of chlorine monoxide over its aqueous solutions have 
been measured for a range of concentrations and temperatures, and are shown 
in Table I.*? 


TABLE I.- PARTIAL PRESSURE OF CHLORINE MONOXIDE 
OVER ITS AQUEOUS SOLUTIONS 


HOCI concn. p-mm. HOCI concn. p.-mm. FOCI concn. p.mm. 
(molal) at 346°C. (molal) at 9-92°C, (molal) at 19-98°C, 


Chlorine monoxide and water form a pair of partially miscible liquids. The 
solid phase formed from solutions of monoxide concentration greater than 
11:7 mol.% has the composition HOCI,2H,0.° The solubility of chlorine 
monoxide in water is given in Table II, which illustrates the rapid decrease in 
solubility with increasing temperature.’” 

A nomograph has been described for the correlation of solubility, partial 
pressure and temperature in the chlorine monoxide-water system.’* Values 
for the equilibrium constant K (expressed as pq X 21,0 /(@yoq_)”), for the 
equilibrium Cl,0 (g) + H,O (1) = 2HOCI (aq) are given below Table II.’? 

The partial pressure values given above have been combined with 
data for this equilibrium to evaluate the Henry’s Law constant: at 3+46°, 
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TABLE II.- SOLUBILITY OF CHLORINE MONOXIDE 
IN WATER (g.Cl,0/100 g.H,0) 


| Partial pressure 
p Cl,O,mm. 


Temp. °C. 346° 6:00 9-92 16-00 19-98 
K 0-41 0-48 0.62) 101 1-47 


expressing pressure in mm. of mercury, the constant is 0-00937 + 0-00005. 


Photochemical Decomposition. 

Exposure to light brings about photochemical decomposition of chlorine 
monoxide. On exposure to light of mean wave-length 4600 A., two molecules 
of chlorine monoxide are photochemically decomposed for each quantum of 
light absorbed, i.e. 2C1,0 + hv — 2Cl, + O,."° This has been confirmed for 
light of wave-length 4360 A. and 4050 A.*® The effective light is that also 
absorbed by chlorine; if a mixture of chlorine and chlorine monoxide is 
irradiated, the decomposition of the monoxide is proportional to the total 
amount of energy absorbed by the mixture, so that the monoxide decomposition 
is sensitized by energy absorbed by chlorine.*® Traces of chlorine are almost 
always present as an impurity, but since the rate of decomposition of purified 
monoxide is proportional to the amount of light absorbed, it is independent of 
whether chlorine or chlorine monoxide is the initial absorbent. It is independ- 
ent of the chlorine pressure, and, over wide limits, of the chlorine monoxide 
pressure also.*” The 10° temperature coefficient of the reaction is 1:09 at 
10°,*° 1+1 at room temperature,*’ and continues to rise with increasing tem- 
perature. A small amount of chlorine dioxide is formed during photodecom- 
position. Its presence is shown by the appearance of characteristic band 
spectra when the reaction starts.*° An unidentified higher oxide of chlorine 
is also formed.*”7 The absorption spectrum of chlorine monoxide has been 
measured over the range 2200-8500 A.*%*4 Absorption begins at 6600 A,, 
and is continuous to 2200 A. under pressures of 10-600 mm. (See Fig. 3, 
page 650). 

In the reaction mechanisms proposed for the photochemical decomposition, 
the molecule CIO features prominently as an intermediate compound. The 
absorption beginning at 6600 A. corresponds to Cl,O —~ ClO + Cl, and the 


maxima at 5300 and 4100 A. represent the same dissociation at other stages of 


excitation. The maximum occurring at 2560 A. arises from the dissociation 
CLO: El +-Cl-0: 

The photochemical decomposition of chlorine monoxide in solution in 
carbon tetrachloride differs from that in the gaseous phase.*® At wave-length 
4358 A. decomposition is accompanied by the formation of considerable 
amounts of chlorine dioxide. For example, in 0-014 to 0-054 molar solutions 
of the monoxide, chlorine dioxide is produced at the initial rate of 0+35 mol. 
per quantum absorbed. The decomposition is generally slower than in the 
gaseous state, but 1-8 mols. of chlorine monoxide can be decomposed per 
quantum absorbed.*® It has been suggested that the quantum yield is smaller 
because the reactions Cl + Cl — Cl,, and Cl + ClO — Cl1,O occur more fre- 
quently in solution than in the gaseous state, and compete with the reaction 
Cl + Cl,0 — Cl, + ClO.*” A quantum yield of unity in this system”® has been 
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attributed to impurities in the carbon tetrachloride, which take up the Cl atoms 
before thay can react with Cl,0 molecules.” 

The ClO radical is also an important intermediate in the decomposition of 
chlorine dioxide (see page 529) and explains the chlorine-sensitized photo- 
chemical decomposition of ozone.** Its heat of formation has been calculated 
as Cl + O > ClO + 30-4 kg.-cal.??_ The electron affinity of the ClO radical, 
i.e. the work required to remove an electron from the hypochlorite ion, is 
approximately 68 kg.-cal.”* 

Chlorine monoxide undergoes bromine-sensitized decomposition in green 
light.* On exposure to light of wave-length 5460 A. decomposition involving 
short chains occurs, and is accompanied by an appreciable dark reaction. The 
quantum yield at 19° is 4-3, and the results are satisfactorily explained by 
the mechanism discussed above,’” for the unsensitized reaction. The photo- 
decomposition of chlorine monoxide is accelerated by the addition of hydrogen 
up to the stage where the secondary reaction H, + Cl, — 2HC1 becomes 
prominent. Chlorine and oxygen are again the initial reaction products, though 
small amounts of hydrogen chloride and water are formed; ultimately all the 
chlorine is converted to hydrogen chloride. The ClO radical is more important 
than the H atom in continuing the reaction chain.” 


Thermal Decomposition. 

This is an interesting problem in kinetics which has been the subject of 
much discussion and research. Chlorine monoxide is highly explosive if 
heated rapidly or overheated locally, but under conditions of careful tempera- 
ture control the thermal decomposition proceeds at a conveniently measurable 
rate between about 60° and 140°.7°** This rate is measured by registering 
the pressure change; at the lower temperatures total decomposition requires 


TABLE III.- THERMAL DECOMPOSITION OF CHLORINE MONOXIDE 


Temp, 100°C. | Temp. 110°C. 
Initial Cl,O pressure 4128 mm. | Initial Cl,O pressure 490 mm. 


t mins. | Ap mm. 


0 - 
40 115 
80 4293 

120 96:3 

150 1377 

170 159-0 

180. 168-0 

190 1746 

200 180-1 


Temp. 140°c. 
Initial Cl,O pressure 372 mm. 


Temp. 130°c. 
Initial Cl,O pressure 436 mm. 


t mins. Ap mm. 


t mins. Ap mm. 
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12-24 hours, but at higher temperatures is complete within a few minutes. 
Table III shows the increase in pressure Ap after time ¢ at various initial tem- 
peratures and pressures; 2Ap represents the quantity of chlorine monoxide 
decomposed.” : 

The thermal reaction is homogeneous, and the rate is not influenced if 
the area of glass surface is greatly increased by adding glass wool to the 
reaction vessel. The rate accelerates as the reaction proceeds, and it was at 
first thought that this might be due to autocatalysis by the chlorine and 
oxygen produced. The acceleration persists, however, in the presence of | 
excess of oxygen or chlorine and the reaction rate is not appreciably in- 
fluenced by a five-fold excess of dry air, oxygen or nitrogen.*’ ‘The rate of 
decomposition of chlorine monoxide varies with time in the same manner as 
does the oxidation of ethane by oxygen;” this may be related to the postulate 
that nascent oxygen is an autocatalyst in the thermal decomposition of chlorine 
monoxide,” but this suggestion is not in keeping with modern developments. 
Excess oxygen has some effect on the explosive properties, however. At 
1 atm. pressure and 23°, mixtures of the monoxide and oxygen do not explode 
if they contain less than 23+5% by volume of monoxide. Between 25 and 30% 
monoxide the explosions are weak; a hot spark is required to start the explo- 
sion, and a yellow band of light moves relatively slowly along the reaction 
tube. Above 30% monoxide, the mixture explodes with violence emitting an 
orange flash which extends the length of the reaction tube.*° 

The mechanism of the reaction has not been determined with certainty. 
The reaction rate (excluding the slow initial induction period) is proportional 
to the initial pressure of the chlorine monoxide, i.e. -d(CI,0)/dt = AlCl,0],** 
at temperatures between 100° and 130°*1 and at 131-3°.77 At 140°**~d(C1,0)/dé 
= k{cl,0|". The temperature coefficient is 2-03 for a 10° rise,?” and it 
would appear that bimolecular reactions are important in the decomposition. 
The shape of the pressure=time curves has been interpreted both on the basis 
of consecutive bimolecular reactions,**°° and as a chain reaction.*4°5** In 
the first case, the acceleration is attributed to the operation of at least two 
consecutive reactions, each essentially bimolecular, of which the first pro- 
duces a pressure change less than that given by the subsequent reactions. 
The separate stages of the reaction are not clearly defined, so that the 
velocity constant & and the activation energy FE for the separate reactions 
must be similar. If log & is plotted against 1/7, then E = 21000 g.-cal.*” 
These consecutive reactions would no doubt involve the formation of other 
oxides of chlorine. In contrast to this approach, the- observation that an 
explosion frequently occurred towards the end of the slow thermal decomposi- 
tion led to the postulate that the decomposition was a complicated chain 
reaction, in which the Cl atom and the CIO radical were the chain carriers?**”>*® 
A possible mechanism for chain propagation in the temperature range 100°- 
130° is as follows:-** | 


Cl,0 + Cl1,0 — ClO, + Cl + Cl, 
Cl + Cl1,0 > ClO + Cl, 
ClO + Cl,0 — ClO, + Cl, 
ClO, > ClO +0 
ClO, > Cl +O, 
C1,0 + O + 2Cl0 
ClO + ClO > Cl, + O, 


At 140°, when the reaction rate changes, the first two steps may be replaced 
by Cl,O + Cl,O ~ 2ClO + Cl,. It is, however, difficult to reconcile this 
picture with the fact that added air, carbon monoxide or carbon dioxide, which 
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might be expected to interfere with these processes, do not appreciably modify 
the thermal decomposition.** The heat of dissociation of chlorine monoxide, 
measured directly by sparking the gas in a calorimeter, is 21735 + 560 g.-cal.” 
(A value of 25100 + 100 g.-cal. is also reported).*° These values tend to 
support the chain mechanism, since the energy released on bimolecular col- 
lision would give to the product molecules an energy in excess of the activa- 
tion energy, resulting in immediate explosion.*” During these experiments it 
was also observed that when chlorine monoxide was pure, or contaminated 
only with relatively small quantities of chlorine, no explosion was obtained on 
sparking unless the pressure was atmospheric or greater. On passing a spark 
in the gas at low pressures, a blue glow appeared at the electrodes and spread 
for only a short distance, so that if reaction chains exist they do not propagate 
far at low pressures.*® If a tube containing liquid chlorine monoxide is 
dropped from a great height on to a cement floor it does not detonate, whereas 
chlorine dioxide detonates violently even at ~100°.*° The thermal decomposi- 
tion of chlorine monoxide in solution in carbon tetrachloride has the same 
rate and temperature coefficient as in the gaseous state, so that it appears 
likely that in both cases decomposition occurs by the same mechanism.“ 


Analysis. 

Samples for analysis may be condensed into small tubes cooled in liquid 
air, and the tubes sealed. A tube is then broken into a concentrated solution 
of potassium iodide containing a known quantity of hydrochloric acid. Iodine 
is liberated:- 


Cl,O + 4KI + 2HCl — 4KCl + H,O + 21, 


and may be titrated with sodium thiosulphate. If the acid is also titrated with 
standard sodium hydroxide, the ratio of the two titrations gives a measure of 
the purity of the chlorine monoxide.” 


Dipole Moment and Structure. 
This has been determined from the dielectric constant ¢€ of dilute solutions 
of chlorine monoxide in carbon tetrachloride (Table IV).*” 


TABLE IV.- DIELECTRIC CONSTANT €, AND MOLAR POLARIZATION 
P OF CHLORINE MONOXIDE IN DILUTE SOLUTION IN 
CARBON TETRACHLORIDE 


way ey eee Nl erection | 
0-00597 | 0-01197 | 0-01952 | 0-02838 | 0-0390 | P c.c. 


€= 23160 2¢3239 2° 3294 


2° 2952 2+3025 2+3078 
22728 2+ 2796 2° 2843 
2° 2505 2° 2568 2+ 2609 
2° 2305 2¢ 2360 2+ 2399 


These values lead to a dipole moment of 0+78 + 0-08 x 10°** e.s.u. for chlorine 
monoxide, and the molecule is therefore not linear. The structure has been 
studied by electron diffraction, and the close agreement between two separate 
investigations is shown in Table V. 


TABLE V.- STRUCTURE OF CELORINE MONOXIDE 


1671 + 0-02 | 1-701 +0-02 
yy Bs ete 110-8 + 10 
2682 + 0-03 | 2-791 + 0-02 


Cl-O bond length (A. 
Angle Cl-O=-Cl _ 
Cl-Cl distance (A.): 


) 


Refs. p. 520 


520 CHLORINE 17 


The Cl-O bond length is only slightly greater than the sum of the two covalent 
radii (1-65 A.); the Cl-O-Cl angle is a little larger than the angle for water 
(105: 


Chemical Properties. 
Little work in addition to that already discussed (Mellor,II,241) has been 
published. The overall reaction with ammonia is given by:- 


3Cl,0 + 10ONH,; — 6NH,CI + 3H,O + 2N, 
which has been found to proceed firstly by the reaction:- 
3Cl,0 + 2NH; > N, + 3H,O + 3Cl, 
followed by:- 
3Cl, + 8NH; — 6NH,Cl + N,.* 


Chlorine monoxide often explodes violently in contact with organic compounds, 
though its behaviour in this respect is unpredictable. Controlled reaction 
can be achieved by passing the monoxide at a low temperature into dilute 
solutions of the organic compound in carbon tetrachloride.“° The products of 
reaction with organic compounds are frequently the same as those given by 
chlorine; for example, acetone gives the monochloro derivative ClCH,.COCHs, 
acetoacetic ester gives the compound CH,;CO.CHCI.COOC,Hs, and cyclohexane 
gives a mixture of chloro-derivatives. With unsaturated organic compounds 
the reactions are more complicated; trichloroethylene reacts to give the com- 
pounds C1,C.CHCI, and Cl,C.CHO and an octachlorodiethy! ether (C1,C.CHC1),0. 
Other reactions in which the products are not so well characterized have been 
described.*° : 

The oxidation of sulphite ion to sulphate by chlorine monoxide has been ~ 
measured in the presence of **O as tracer element, whereby it is possible to 
determine to what extent the solvent (water) or the oxidizing agent itself 
provides the oxygen atoms gained by the reducing agent. In a typical experi- 
ment, 0+25 ml. of a 0-4M. solution of chlorine monoxide in carbon tetrachloride 
was added to 0+-1M-hydrochloric acid containing 1 ml. of a 0-1M. solution of 
sulphur dioxide (labelled with “*O). The number of oxygen atoms in the sul- 
phate produced which were derived from the oxidizing agent (chlorine monoxide) 
per molecule of oxidizing agent reacting (n) was only 0-36. Since hypochlorous © 
acid may also play some role in the mechanism of oxidation, 0-2 ml. of 1M- 
HOCI was added to 5 ml. of 0-02M-sulphur dioxide in 0+2M-hydrochloric acid. 
The value of nm was only 0-05, which suggests that there is no oxygen atom 
transfer from hypochlorous acid to the sulphite ion.*’ 
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CHLORINE DIOXIDE 


Preparation. 

The increasing industrial application of chlorine dioxide as a bleaching 
agent, particularly for paper and flour, and its use as an antibacterial agent 
during the past two decades, has stimulated work on its safe and efficient 
preparation. Most of this recent work is concerned with modifications of 
older and well-known methods designed to eliminate the hazard of explosion 
and to effect a good separation of chlorine dioxide from other reaction pro- 
ducts, particularly chlorine. 

The reaction between concentrated sulphuric acid and a solid chlorate 
by which chlorine dioxide was first discovered (Mellor,II,287), involves great 
dangers from explosion. References to the reaction are still found, although 
adequate precautions are always necessary, and emphasis is laid on the ef- 
ficiency of the process and the utilization of by-products.” By diluting the 
reactants in various ways the reaction can be more readily controlled; the 
removal of the chlorine dioxide in a stream of inert gas is especially valuable. 
A mixture of 300 ml. of 25% sulphuric acid, 10 g. of charcoal and 100 g. of 
sodium chlorate gives a yield of 80% of chlorine dioxide when air is passed 
through the reaction vessel for one hour at 500 ml./minute and the temperature 
is maintained at 90°.* Alternatively, air may be blown through a solution of 
sodium chlorate .in concentrated sulphuric acid at 60°, when chlorine dioxide 
low in chlorine content (<3%) is evolved.” The addition of sodium chlorate in 
small amounts to concentrated sulphuric acid, through which a stream of an 
unreactive gas (e.g. air or nitrogen) is passing, is a successful procedure.* 
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The reactants may also be diluted by moistening the chlorate with water and 
then mixing with some material, such as pumice or gypsum, indifferent to 
chlorate or sulphuric acid; 96% sulphuric acid is then added.*? The main 
reaction is:- 


3HCIO,; — 2ClO, + HCIO, + H,O. 


By carrying out the reaction between potassium chlorate and sulphuric acid in 
the presence of undecylenic acid, the proportion of chlorine dioxide produced 
is much less; it was claimed that the disproportionation reaction, 2Cl,0s—> 
Cl,0, + Cl,O03, was favoured at the expense of the reaction, 3Cl,0; — Cl,0, + 
4ClO,, and that the spectra of the products showed the presence of ‘chlorous 
anhydride’ Cl,0;.° Attempts to repeat these observations were quite unsuc- 
cessful. The reaction always resulted in explosion even when carried out at 
temperatures as low as -78°; only when the reactants were mixed with four 
times their bulk of sand at the temperature of liquid air did no explosion occur. 
Spectroscopic examination of the resultant gases gave the spectrum of chlorine 
dioxide only, with no trace of any other oxide of chlorine.” Other acids may 
be used together with, or in place of, sulphuric acid.*° An HCl-H,0-H,SO, 
mixture, in the ratio 85:6:9 reacts with a concentrated (33%) solution of, 
sodium chlorate evolving chlorine dioxide and chlorine. The optimum tempera- 
ture is 49°=71°, and an inert gas (air, nitrogen, carbon dioxide) removes the 
chlorine dioxide from the reaction mixture.** Other modifications include the 
reaction of sodium chlorate and chloride with sulphuric-hydrochloric acid 
mixtures,’? and the action of hydrochloric acid alone on magnesium chlorate*® 
and on sodium chlorate.**** The latter reaction can be represented thus:- 


2NaClO, + 4HCl > 2Cl0, + Cl, + 2H,O + 2NaCl; 


the by-product sodium chloride can then be electrolyzed to yield more sodium 
chlorate for a cyclic process. A similar process employs an electrolytic 
chlorate liquor (500 g. NaClO; + 75 g. NaCl/litre) which is treated with hydro- 
gen chloride, and maintained at 55=65° until 28% of the chlorate is consumed. 
The gaseous product contains 59% chlorine dioxide, the remainder being 
chlorine; the spent liquors are, re-electrolyzed to restore the chlorate con- 
centration.*° 

A method very suitable for industrial production of chlorine dioxide in- 
volves the reaction of chlorine with an alkali or alkaline earth metal chlorite, 
the overall reaction being 2NaClO, + Cl, — 2NaCl + 2Cl0,.*%** The method 
can be adapted for either continuous or batch operation, and can be a wet or 
dry process. Commonly, the solid chlorite is packed into steel toWers, lined 
with some inactive material such as stone or glass, and chlorine gas diluted 
with nitrogen is passed through the tower. Chlorine-free chlorine dioxide is 
readily obtained by this method, since any residual chlorine can be removed 
by recycling the gas or by passing it through fresh chlorite.’7* Alternatively, 
chlorine dioxide is produced by passing diluted chlorine through an aquecus 
solution of a chlorite.?*7**° Adequate control of the reaction is possible by 
incorporating an explosion chamber,*® by controlling the pressure of the 
circulating gases,**** and by other mechanical methods.*” Chlorine dioxide 
may also be prepared by treating aqueous sodium chlorate with chlorine.* 

The reduction of a metal chlorate by sulphur dioxide is another general 
method of preparation.***° The aqueous solution of chlorate (e.g. sodium, 
calcium or magnesium chlorate) is allowed to pass down a tower up which a 
mixture of sulphur dioxide and air is passed. In a typical case, aqueous 
sodium chlorate solution (690 g./l.) was fed into a reaction tower at 990 
ml./hour, and air containing 14-8% of sulphur dioxide was passed in at the 
rate of 675 g. SO,/hour. Chlorine dioxide was produced at the rate of 282 
g./hour, representing a yield of 68% based on the chlorate used. The product, 


Refs. p. 532 


17 OXIDES AND OXYACIDS 523 


much diluted with air, contained chlorine dioxide and chlorine in the ratio 
14:1.°° Some chlorine is usually produced in this process, although the 
amount varies with conditions. Sulphur dioxide suitably diluted may be 
obtained by using the total gases evolved from a sulphur burner. ‘The reaction 
has been carried out using the chlorate in the form of a paste containing just 
sufficient water to permit reaction.** In this process the sulphur dioxide 
provides both the acid solution and the reducing agent, and the overall re- 
action:- 


2HCIO, + SO, — 2Cl1O, + H,SO, 
is believed to proceed in the two steps:- 


HCIO, + H,SO; —> HCIO, + H,SO, 
HCIO, + HCIO, > 2ClO, + H,0. 


At room temperature there is little reaction of sulphur dioxide with either 
chlorine dioxide or chlorous acid; high temperatures at which reaction does 
occur are therefore avoided.***? It is often advantageous to carry out this 
reduction in the presence of added mineral acid. Sulphuric acid is usually 
employed, although hydrochloric acid may be used.*° For example, the 
reaction of diluted sulphur dioxide with a 2 Mesodium chlorate solution in 
6-9 Nesulphuric acid at 10°~40° gives yields above 90%, and the chlorine 
content of the chlorine dioxide is less than 5%.**9*? Excessive dilution 
reduces the yield of chlorine dioxide,** since the second stage represented 
above does not then proceed so far to the right. 

The above reduction method may be refined to give chlorine dioxide sub- 
stantially free from chlorine by the use of two reducing agents.*”*° In addi- 
tion to the major reaction:- 


ClO; + 2H* + e* > ClO, + H,O, 
chlorine is produced by the side reactions:- 


ClO, + 4H*t + Se" > Cl” + 2H,0, 
and Cl” > Cl, +e 


If reduction is carried out with a primary reducing agent having an oxidation= 
reduction potential above +1-0Vv., the side reactions can be almost eliminated. 
For the oxidation=reduction couple, a solution of chromium (Cr3* and Cr®*) or 
thallium (T1* and TI15*) salts is suitable, but oxides or salts of arsenic, anti- 
mony and bismuth in the lower valency levels may also be used. Under 
suitable conditions reaction at 70° will convert part of the chlorate to chlorine 
monoxide without the formation of chlorine. A secondary reducing agent 
(sulphur dioxide or compounds of bivalent sulphur), having an oxidation~ 
reduction potential less than +1-0V., is then used below 40° to restore the 
primary agent to its reducing form without appreciable reduction of the chlorate. 
Further chlorate may then be added and the process repeated.*”*° 

The reduction of chlorates by organic reagents has the advantage that 
the carbon dioxide also produced serves to dilute the chlorine dioxide 
and so to minimize the risk of explosion. Oxalic acid is commonly used, 
and a mixture with solid chlorate and a very small quantity of water 
readily evolves chlorine dioxide on heating.**%*?" To control the reaction the 
mixture is diluted with inert material such as diatomaceous earth,** calcium 
sulphate™ or silica.** Sulphuric acid may also be added to the mixture, in 
which case the gas produced contains carbon monoxide also.°¥°*** In the 
presence of sulphuric acid, aldehydes reduce chlorates to chlorine dioxide.”°* 
Chlorites are also reduced by aldehydes, but in this case the reduction should 
be carried out in the absence of acid at a pH below 9. Since the quantity of 
aldehyde required is small compared with the amount of chlorate or chlorite 
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reduced, the reaction may involve auto-oxidation of the chlorite induced by 
aldehyde, or it may be a coupling reaction in which aldehyde reacts and is 
reformed.°” Formaldehyde is usually employed, but other reducing agents 
that have been used include formic acid and carbohydrates,* and citric acid.” 
Acid anhydrides readily liberate chlorine dioxide from alkali or alkaline earth 
chlorites. At pH 4 and room temperature, the rate at which chlorine dioxide is 
liberated from a 0+-1M. solution of sodium chlorite is increased thirty fold when 
the solution is made as little as 0-005 molar in acetic anhydride. Chlorine 
dioxide is liberated when air containing acetic anhydride is passed over flaked 
sodium chlorite. Again, the passage of moist air over a powdered mixture of 
sodium chlorite and phthalic anhydride generates chlorine dioxide. Many 
other anhydrides are similarly effective.” These facts have led to the formu- 
lation of solid mixtures, which can be stored and will evolve chlorine dioxide 
on adding water. Such mixtures usually contain 1 mol. of chlorite and 0+1 to 
- 1 mol. of the anhydride, together with a desiccant (sodium hydroxide, calcium 
chloride) to stabilize the mixture, and a solid diluent (sodium carbonate, 
bicarbonate or phosphate). Chlorine dioxide is obtained by passing moist air 
over the solid, or by passing air or other inert gas through a solution of the 
solid in water.*%***° In another modification of this method, chlorine dioxide 
is prepared from a chlorite, formaldehyde, a weak acid (formic, acetic or boric) 
and a sodium salt of the weak acid (e.g. sodium acetate).™ 

Both chlorates and chlorites react with nitrogen dioxide to. give chlorine 
dioxide. A metal chlorate is dissolved in nitric acid (containing not less than 
35% by weight HNO,) and a gaseous mixture of nitrogen dioxide and an inert 
diluent gas passed into the solution. The following reaction occurs:- 


ClOZ + NO, — NO} + ClO,. 


This may be an interesting example of oxygen ion transfer, and the mechanism 
of the reaction merits further study. If more dilute nitric acid is used (<35%) 
some hydrolysis of nitrogen dioxide occurs, giving nitrous acid and nitric 
oxide, which leads to contamination of the chlorine dioxide with chlorine. 
The optimum temperature for the solution reaction is 15 -35°.°7** The reaction 
can also be carried out by passing diluted nitrogen dioxide over a solid metal 
chlorate in the presence of a little moisture.“* The reaction with chlorites is 
similar:- 


ClO; + NO, ~ ClO, + NO;. 


Since the presence of nitrite in solution contaminates the chlorine dioxide 
with chlorine, this reaction is carried out with solid chlorite. An air stream 
containing 1=2% of nitrogen dioxide is passed through a column of solid 
sodium (or calcium) chlorite at 20-50° the nitrogen dioxide releases an 
equimolar quantity of chlorine dioxide. Solid sodium nitrite remains in the 
column, and may be used to generate further supplies of nitrogen dioxide. 
Suitably dilute mixtures of nitrogen dioxide with air are also obtained by 
passing air through an electric arc.°**” 

Liberation of chlorine dioxide from chlorates or chlorites may be effected 
by the use of oxidizing agents. The processes are less clearly defined 
because the oxidizing agent may bring about either direct oxidation or auto- 
reduction. For example, chlorine dioxide is produced by reaction of a metal 
chlorate with sodium or potassium persulphate in the presence of dilute sul- 
phuric acid (pH <1 and temperature <50°)” or with hydrogen peroxide (tempera- 
ture <70°).”° Using a chlorite of an alkali or alkaline earth metal, addition of 
acid is unnecessary; the chlorite is dissolved in water (pH between 3 and 11) 
and the solution treated at 20°-65° with persulphate.®* On the other hand, if 
moderately hot acid solutions are used, the slow evolution of chlorine dioxide 
which would normally occur is effectively repressed by the addition of hydrogen 
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peroxide or compounds which yield hydrogen peroxide on hydrolysis. The 
extent of repression varies appreciably with pH and the temperature of the 
solution.” 

Reaction of silver chlorate with chlorine is a useful laboratory method 
which gives chlorine dioxide sufficiently pure for measurement of its physical 
properties.”* The silver chlorate is packed into U-tubes through which dry 
chlorine is passed. Reaction is not appreciable below 80°, but proceeds 
smoothly at 90°-7? | 


2AgClO, + Cl, — 2Cl0, + O, + 2AgCl. 


Residual chlorine may be removed by freezing the gaseous products; some 
chlorine condenses with the frozen chlorine dioxide but is readily removed 
when the condensate is subjected to low pressure. In the original treatise 
(Mellor,II,281) reference is made to the possibility that the oxide Cl,0; 
(called ‘chlorine trioxide’) might be produced by this reaction, although its 
existence is doubted. Careful examination of the products of this reaction”’ 
(and others said to produce such an oxide) have proved beyond doubt that no 
oxide of empirical formula Cl,O; has yet been isolated. 

64-93% yields of chlorine dioxide (based on chlorite consumption) can be 
obtained by the reaction of nitrogen trichloride with sodium chlorite:-”* 


NCI, + 3H,O + 6GNaClO, — 6CI1O, + 3NaCl + 3NaOH + NH; 
or 2NCI, + 6NaClO,— 6CIO, + 6NaCl + N,. 


Nitrogen trichloride-chlorine dioxide mixtures are used in flour bleaching. 
For such purposes the second (dry) reaction is preferred, and nitrogen tri- 
chloride gas is passed through a bed of granular sodium chlorite. A suitable 
gas mixture can also be prepared in a single stage by passing an air stream 
cHarged with hydrogen chloride through a bed of finely divided ammonium 
chloride and potassium chlorite in 1:6 mol. ratio, dispersed on some inert 
carrier.” 

A novel method of preparation involves the direct decomposition of man- 
ganous chlorate. If its aqueous solution is heated to 50-90° it becomes 
unstable (presumably the chlorate is reduced at the expense of the manganese) 
and the chlorine dioxide can be continually removed in a stream of a chemi- 
cally inert gas.”* If chlorine dioxide is required in admixture with carbon 
dioxide (as in the sterilization of storage spaces refrigerated by carbon di- 
oxide) it may be made by passing moist carbon dioxide through a bed of 
granular sodium chlorite. The concentration of chlorine dioxide in the 
gaseous product varies with the moisture content of the carbon dioxide used.” 
Electrolytic methods have also been used to prepare chlorine dioxide.”9”* A 
product free from chlorine is obtained by electrolysis (using a carbon anode 
and copper cathode) of an aqueous solution of an alkali or alkaline earth 
metal chlorite in the presence of excess of the metal chloride.”’ Oxygen is 
the main anodic product obtained on electrolyzing perchloric acid solutions, 
but when an 11-4N. solution was electrolyzed at a current density of 0+75 
amp./cm.”, chlorine dioxide and chloric acid were also formed.” This is 
quantitatively accounted for by the reactions:- 


- C1OZ, > ClO, + O,'+ e° 
and 2ClO,+ 20H" —> 2HCIO; + 2e”. 


In most processes for the production of chlorine monoxide, chlorine is the 
main impurity, and methods for its removal deserve mention. Chlorine is 
mére readily absorbed by alkalies than is chlorine dioxide, and if a mixture 
containing approximately equal amounts of the dioxide and chlorine is passed 
through a tube containing sodium hydroxide and the minimum of water (e.g. 
6 g.-mol. NaOH in 20 ml. H,O), chlorine dioxide of 99-7% purity is obtained.” 
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The oxides, hydroxides or carbonates of magnesium and calcium are also 


useful for this purpose.**”** The reaction can be made to form part of a 


reaction cycle if the product of absorption by (say) lime is further chlorinated 
to give calcium chlorate; this on treatment with hydrochloric acid will yield 
further quantities of chlorine dioxide~chlorine mixture. 25 ~The chlorine may 
also be removed by preferential solution in water,** or in sulphuric acid, when 
the chlorine dioxide dissolves in the acid and is readily recovered, e or by 
bringing the mixed gases into contact with water and sulphur, with which the 
chlorine reacts to give sulphuric and hydrochloric acids.** Precipitated gold 
in water will also separate chlorine from chlorine dioxide.*° 

In both laboratory and industrial processes for production of chlorine 
dioxide, safety precautions must continually be observed. Danger of explo- 
sion is minimized by keeping reaction temperatures as low as possible, 
eliminating contamination by organic matter, diluting gas and solid reactants 
with suitable inert materials, and using the chlorine dioxide as soon as 
possible after preparation.°*’ Even so, the explosion of chlorine dioxide is 
often quite unpredictable.*5*? In spite of this, it finds wide use as a bleach 
for flour, textiles, fats and oils, and in water purification. 


PROPERTIES OF CHLORINE DIOXIDE 


Physical Properties. 

Chlorine dioxide is a yellow-orange gas, which liquefies to an orange-red 
liquid at 11°, and freezes at -59° to a solid which is usually likened to 
potassium dichromate in appearance.’* The vapour pressures of chlorine 
dioxide over the sine 4 range are given in Table VI. 


TABLE VI.- VAPOUR PRESSURE OF CHLORINE DIOXIDE 
206 2783 


214(m.p.) 27999 
223 281 


232°5 282 
2435 283 


255 28 4(b.p.) 
273 


From these data, the heat of vaporization of liquid chlorine dioxide is 6520 
g.-cal./mol., and the Trouton constant is 23.”7 There is no evidence for any 
association in the liquid or in solution. The vapour density of the gas is 
normal, so that the compound is represented by the formula ClO, in all states. 
The density has been determined by the balancing column and pyknometer 
methods; the mean of five values is 1:642 g./c.c. at 0°.°%%* The surface ten- 
sion 1s 33. 1 dynes/cm. at 0°, and the temperature coefficient is consistent 
with that expected for a non-associated liquid. The parachor is 98-7 units.”* 
The high solubility of chlorine dioxide in water, and the formation of the 
hydrate ClO,,8H,0O, have previously been referred to (Mellor,JI,290). The 
distribution coefficient between carbon tetrachloride and water, given in Table 
VII is almost independent of concentration.”* 

These distribution coefficients are only slightly increased by the addition 
of sulphuric acid, potassium chlorate or potassium chloride to the aqueous 
solution. The freezing points of the aqueous solution’ support the belief 
that the dioxide is not associated in water, and the constancy of the distribu- 
tion coefficient shows that the dioxide is monomeric in carbon tetrachloride 
also. ‘The value of the ratio {clo thin ech. 7(ClOz|.n air iS 50°7, compared with 
34-3 for the water-air system.’”* The heat of solution of chlorine dioxide in 
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TABLE VII.- DISTRIBUTION COEFFICIENT OF CHLORINE 
DIOXIDE BETWEEN CARBON TETRACHLORIDE AND WATE 


Molar Concentration 
in aqueous phase 


Sa 


Distribution Coefficient Coc Zt Gi1,0 


water is 6600 + 200 g.-cal./mol., and this value is independent of the con- 
centration of the solution produced.°* The heat of decomposition, deter- 
mined by direct measurement of the heat of explosion in a calorimeter, was 
found to be 23500 g.-cal./mol. Similar determinations, with more consistent 
individual results, gave a value of 26585 + 390 g.-cal./mol.”* Because 
chlorine dioxide is more liable to detonate, it was necessary to work at much 
lower pressures (250 mm.) in the explosion chamber than in corresponding 
experiments with chlorine monoxide.”° 

The dielectric constant (€) of solid chlorine dioxide has been determined 
by immersing the solid in a liquid which fills the space between the plates of 
a condenser; the composition of the liquid is varied until the immersed’ solid 
causes no change in the capacity, when ¢ for the solid is the same as € for the 
liquid. By this method, ¢ for solid chlorine dioxide is 7:0."° Table VIII 
gives e-values for solutions of chlorine dioxide.*”* 


TABLE VIII.- DIELECTRIC CONSTANT OF DILUTE SOLUTIONS 
OF CHLORINE DIOXIDE IN CARBON TETRACHLORIDE 


Mol. fraction chlorine dioxide 


0.000887 | 0-0024 | 0.00401 | 0.00739 


€= 23162 2°3230 | 263305 | 23457 


Molar 
Polarization c.c. 


22958 2°3022 | 2°3092 2°3235 
22736 2°2796 | 2+2860 2+ 2996 
22514 22570 | 2+2630 2» 2758 
2°2313 


2°2367 | 262422 2: 2545 
From these results, the dipole moment of chlorine dioxide is 1:69 + 0-09 x 
10°*® e.s.u., (about twice the value for chlorine monoxide), and the molecule 
is probably bent.*** Having an odd number of electrons, it is an ‘odd’ mole- 
cule, and is paramagnetic, its molal susceptibility being 1310 x 10°°,**%'™ 
near that for nitrogen dioxide, also an odd molecule. The odd electron also 
permits the existence of a number of resonance forms. A decision on the 
actual structure to be attributed to the molecule depends largely on the mole- 
cular dimensions, measured by electron diffraction in gaseous chlorine di- 
oxide, which are given below:- 


refs. 97=+99 ref. 100 


Cl-O distance, A. 1-53 + 0-08 1-491 + 0-014 
O-Cl-O angle 137° 116+5 + 25° 


Some possible structures for the molecule are:- 
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and to these the various resonance forms should also be added. The sum of 
the single bond radii of C] and O is 1-65, so that there is more multiplicity in 
the bond than is represented by I. The mean of the single and double bond 
radii is 1:57, and if the bond length of 1:53 is accepted, the 3-electron bond 
structure II, and structure III, are possible. However, more comprehensive 
examination of the electron diffraction photographs*” led to the smaller value 
1-491 for the Cl+O bond length, and if the value of 1-48 for the theoretical 
Cl=O distance is true, then the molecule must contain two double bonds 
(structure IV). In this case, the structure of chlorine dioxide would closely 
resemble that of sulphur dioxide.*°° The bond energy of the normal two-elec- 
tron Cl+O bond has been calculated as 52 + 1 kg.-cal., and the strengthening 
effect of the odd electron in ClO, as 15 kg.-cal.*° 

The absorption spectrum of chlorine dioxide (see page 651) is exceedingly 
complex. It consists of sequences of bands which occur at regular intervals, 
and forms an interesting example of absorption by a triatomic molecule,*°7*°” 


Thermal and Photo-decomposition. 

The action of light on gaseous chlorine dioxide produces an initial de- 
crease in pressure. A red liquid is formed on the walls of the vessel, and 
this becomes colourless on continued exposure. The decomposition cannot 
therefore be represented by the simple equation, 2C1O, —~ Cl, + 20,. Early 
experiments indicated that chlorine dioxide prepared in darkness and diluted 
with an equal volume of carbon dioxide remained stable for periods of several 
hours at temperatures above 85°, but exposure to the light from an electric 
lamp for a few seconds initiated decomposition. Chlorine monoxide catalyzes 
the decomposition of the dioxide, for the decomposition rate obtained with the 
illuminated gas can be reproduced in unilluminated chlorine dioxide by the 
addition of a little chlorine monoxide.**? Because of its unique character, 
this photodecomposition has been much studied. In the dry gaseous state, 
the decrease in pressure on illumination has been shown to be due to the 
formation of chlorine trioxide, which separates as a red liquid.*** One 
molecule of Cl,O, is believed to be formed for each quantum absorbed.*** On 
continuing the reaction, the pressure increases again, owing to the decomposi- 
tion of the trioxide; and when the pressure change ceases the decomposition 
into chlorine and oxygen is complete. The final pressure rise resembles 
that obtained with chlorine-ozone mixtures.*** 

The spectrum of chlorine dioxide indicates that there is a region of pre- 
dissociation below 3750 A. This may be related to the observation that 
chlorine dioxide does not absorb light at 5460 A., and that no photo-reaction 
occurs on exposing the dioxide to light of this wave-length produced by a 
mercury arc and glass filter.*** However, the quantum efficiency at 4360 A. 
is only slightly less than at 3650 A. In view of the predissociation limit, 
light of wave-length 3650 A. has been used in the study of the influence of 
temperature on photodecomposition in the dry gas.’*° At 17°, the pressure 
falls on illumination, at first rapidly then slowly. The pressure then passes 
through a minimum and rises at an increasing rate until all the chlorine di- 
oxide is decomposed. At this low temperature the chlorine trioxide is rela- 
tively stable and condenses on the walls. At 31°, with chlorine dioxide 
concentrations of up to 8%, there is an induction period of about six minutes 
during which there is little pressure change. The pressure then increases, 
rapidly and uniformly. Using 3650 A., and 3% chlorine dioxide, the rate of 
pressure increase indicates a quantum yield of 12, and the decomposition is 
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probably a chain reaction. At this higher temperature, thermal decomposition 
of chlorine trioxide is more rapid, only a slight concentration of the trioxide is 
built up, and the reaction proceeds without appreciable decrease in pressure. 


The processes taking place on illumination at 3650 A. are probably as fol- 
lows:-**47%6 


Clo, + hv > ClO +0 
C10, + O > E103, 
C104 ClO: > Cl, #0, 
HEN yy OG) tt Le I CD: 
G36 RCE ALE! bok es ety) 


Since stage (6) has a high heat of activation, more chlorine trioxide (a) is 
formed at lower temperatures.*** 

The photodecomposition of the moist gas is found to be more regular 
because of the removal of active groups by the water."’® Quantum efficiencies 
have been compared at two wave-lengths; they are 3+7 at 3650 A. and 3-1 at 
4360 A. The rate of decomposition is proportional to the intensity of light 
for chlorine dioxide concentrations up to 8%. Under moist conditions no 
chlorine is formed, and one molecule disappears from the gaseous phase for 
each molecule of chlorine dioxide decomposed. The initial steps in the 
decomposition depend upon wave-length.**® Since 3650 A. is in the predis- 
sociation region, the first step must again be:- 


, ClO, + hv > ClO +O 
which may be followed by:- 


ClO, + O > CIO; 
2G10,.=>(Cl,0, 
Cl,O, + H,O — HCIO, + HCIO, 
ClO + ClO, > Cl,0; 
Cl1,0, + H,O — 2HCIO; ~ HCI1O + HCIO;. 


The wave-length 4360 A. is in the band region, and the primary reaction will 
result in the formation of an activated molecule: ClO, + hv — ClO#. The 
initial step in the above scheme may then be replaced by:- 


clo# > ClO + 0,**° 
or by:- 
Clo* + ClO, + ClO, + ClO.*™ 


The above scheme is in substantial agreement with the exper imental 
evidence. The quantum yield is 3, independent of concentration and light 
intensity, and each of the acids HClO, HCIO,, HC1O,; and HCIO, is found in 
the reaction ‘mist’ produced by moist decomposition. 

Although chlorine dioxide does not absorb at 5460 A., a sensitized reac- 
tion takes place at this wave-length on the addition of bromine."*%''* The 
sensitized decomposition takes place in the wet and the dry gas (and in 
carbon tetrachloride solution), and appears to resemble the direct decomposi- 
tion at the lower wave-lengths; the quantum efficiency is the same as that 
for 3650 A. This is explained if the initial steps are:- 


Br, + hv — Brit 
Bre + ClO, > Br, + C1OF 
clo# + ClO, > ClO, + ClO 
and then as in the above scheme. 


Photodecomposition of chlorine dioxide in carbon tetrachloride resembles 
in many respects that in the gaseous state. Early experiments showed that 
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under the influence of violet light the decomposition approximately followed 
the law of photochemical equivalence."*” The quantum efficiency is near 2 
for a mean wave-length of 4150 A.,*** but depends upon the wave-length of 
the light. At 4360 A. it is 1,**'* increasing to.2 for wave-lengths of 4050 
A. and shorter;*’? at. 3650 A. it is 1.°%° As in the gaseous state, chlorine 
and oxygen are not the only products of photodecomposition. At wave- 
lengths of 3650 and 4360 A., the oxides Cl,0, Cl,0, and Cl,0, are also 
formed;**° chlorine trioxide is formed in largest amount, and corresponds i in 
some cases to as much as 20% of the chlorine dioxide decomposed. peebne 
formation of these oxides in addition to chlorine and oxygen suggests that 
the mechanism of photodecomposition in carbon tetrachloride solution may 
be similar to that in the gas. Decomposition at 5460 A. may be sensitized by 
bromine. The quantity of chlorine trioxide formed is approximately the same 
as, but the amount of chlorine monoxide is less than, in the unsensitized re- 
action. The quantum yield for the sensitized reaction is 02 to 0+3; it 
depends on the light intensity but is independent of the concentration of 
chlorine dioxide.’ Photodecomposition also occurs in solution in water, in 
which chlorine dioxide is very soluble. The quantum efficiency again in- 
creases with decreasing wave-length, from 0+2 at 4360 A. to 1-0 at 3000 A.**° 
The scheme of photodecomposition will resemble that given above for moist 
chlorine dioxide, except, that it is supposed that in aqueous solution the 
water inreevenes, to prevent further reaction of ClO with excess of chlorine. 
dioxide. In solution, predissociation of chlorine dioxide occurs at lower 
energy values than as a gas; the initial step is therefore undoubtedly:- 


ClO, + hv > C10 +0. 


The ClO is considered to react with water giving an intermediate product 
H,Cl1O,:- 


ClO + H,O > H,clo, 
HClO, + ClO > HCl + HCIO3. 


The decomposition products contain some chlorine and HClO,, but consist 
predominantly of HCl and HCIO,, in amounts consistent with the above hypo- 
thesis.**” The rate of decomposition in aqueous solution is proportional to 
the light intensity. 

A study has been made of the role played by light in the explosion of 
chlorine dioxide. A quartz tube containing the gas was attached to a spectro- 
graph, and the gas exploded by an electric spark. A continuous emission 
spectrum was obtained, with a maximum near 4740 A. This maximum is 
attributed to recombination of the atoms 2Cl > Cl, + hv, and 20 > O, + Ap, 
the released energy being non-quantized. ae 

In the absence of light, chlorine dioxide. undergoes thermal decomposition 
at a rate which increases considerably with increase in temperature.’** The 
nature of the walls, and the area/volume ratio of the containing vessel, have 
a pronounced influence on decomposition rate, so that the decomposition is 
regarded as a chain reaction which starts on the vessel walls. The tempera- 
ture coefficient differs from vessel to vessel; at 40° in a glass flask it is 5 
for a 10° rise in temperature. The primary step in the reaction is again ClO, 
+>clO+0O. Chlorine trioxide is postulated as an intermediate, product which 
may take part in chain propagation, but in reactions such as ClO; + ClO, > 
ClO, + 20, may serve to break the chains. At temperatures between 35° and 
55°, the decomposition rate is proportional to the square root of the partial 
pressure of chlorine dioxide, and to the first power of the total pressure. If 
the reaction velocity exceeds a certain limit (which varies with the containing 
vessel) these rules no longer hold; the decomposition rate increases. con- 
tinuously and an explosion results.!> The addition of oxygen, chlorine or 
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carbon dioxide increases the decomposition rate merely because they increase 
the total pressure. Carbon monoxide retards the reaction, presumably by 
breaking chains involving the oxygen atoms produced on primary dissociation. 
Addition of chlorine monoxide in about equal quantity also retards the re- 
action. A chain-breaking mechanism is probably again involved, since some 
of the chlorine monoxide is itself decomposed. This observation is in con- 
trast to the effect produced in solutions; the decomposition of chlorine di- 
oxide in the absence of light and in carbon tetrachloride solution is catalyzed 
by traces of chlorine monoxide of the order of 0-001 mol./litre.** Unstable 
solutions (in which no attempt to remove the chlorine monoxide impurity was 
made) decomposed slowly in the dark, with a half-life period of about 30 hours 
at room temperature.”* The decomposition under these conditions has been 
followed kinetically and found to be represented by the equation -diclo,|/dt = 
kiclo,] 4[C1,0] 4. The chlorine monoxide may be removed by treating the 
solution with barium hydroxide, (Ba(OH),,8H,O), when the solution becomes 
relatively stable. The chlorine monoxide induces the dark reaction, and 
itself results from exposure of the solution to light. Thus, if a solution is 
stabilized by baryta treatment and then exposed to light for a short time 
before being placed in the dark, the decomposition rate is similar to that of 
the unstabilized solution.*” 


Chemical Properties. 

The chemical reactions of chlorine dioxide have been little studied in 
recent years despite the interest in the physical properties, and the account 
previously given (Mellor,II,289), still covers the major part of its chemistry. 
In aqueous solution at low temperatures it reacts with water very slowly, and 
can be expelled again from the solution even after long standing. In light its 
solution slowly gives hydrochloric and chloric acids. In alkaline solution it 
behaves as a mixed anhydride, and slowly forms chlorite and chlorate; in the 
presence of a reducing agent the formation of chlorate can be prevented. 
Since both chlorine dioxide and chlorites are of value for bleaching purposes, 
these reactions are treated in more detail under the chemistry of chlorites. 
The reversible process ClO, + e~ = ClO} is of interest in this connexion, and 
has an equilibrium oxidation potential of 0-950 V. as measured with a normal 
hydrogen electrode.*** A mixture of hypochlorous acid and chlorine dioxide 
has some advantages in certain bleaching processes.‘ These two com- 
pounds undergo mutual reduction, and the kinetics of the reaction have been 
studied. The rate of decomposition of chlorine dioxide is given by:- 


-diclo,|/dé = k,[HOCIHIclo,] + &,[clo,]? 


where both k, and k, are functions of the hydrogen ion concentration in solu- 
tion.’”° 

Although investigations of purely chemical interest are limited, a con- 
siderable amount of work has been carried out on the bactericidal, and parti- 
cularly the bleaching powers of chlorine dioxide.*° Notable among these are 
its uses in water disinfection,’?”*! the sterilization of spices**? and fish,*** 
and the bleaching of oils, fats and waxes,****** flour,**”"** pectin-containing 
material,’** alginic acid,*® textiles,**° and woodpulp.*°""” 

Percarbonates and perborates react with chlorine dioxide to give chlor- 
ites;®? persulphates do not react, and are used in the preparation of chlorine 
dioxide. With hydrogen peroxide in the presence of precipitated calcium 
carbonate, chlorine dioxide reacts quantitatively to give the chlorite,*°? though 
under different conditions the equilibrium may be used in the reverse direction 
for the preparation of chlorine dioxide. The addition of sodamide to a solu- 
tion of chlorine dioxide in carbon tetrachloride gives sodium amidochlorate;** 
this gives a precipitate with silver nitrate which is insoluble in acetic acid, 
and may be the compound Na*{NH,ClO,]7 Reaction with fluorine gives the 
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interesting addition compound CI1O,F.*** At 20° mixtures of the two gases 
explode, the chlorine dioxide decomposing to chlorine and oxygen. This 
explosion is not prevented by low temperature alone, or by slight dilution of 
the gas mixture with an inert gas (e.g. nitrogen). However, when the gases 
are mixed at O° at partial pressures of 25-6 mm. C1O,, 54-0 mm. F,, and 540 
mm. air, smooth reaction takes place within two minutes to produce the com- 
pound Cl1O,F. This compound has m.p. -115°, b.p. about -G6°% its Trouton 
constant is 23-2 and the heat of evaporation 6-2 kg.-cal./mol. The vapour 
pressure is 8*8 mm. at -78°, and 740 mm. at -6-3°. The compound is readily 
hydrolyzed, and fumes in moist air.’ (See page 183). 

Chlorine dioxide oxidizes elementary sulphur, and may do so explosively. 
The reaction products are mainly sulphur monochloride and sulphur dioxide. 
The reaction becomes slower in the presence of water, when sulphuric acid is 
formed.*®* Chlorine dioxide reacts with mixtures of sulphur with metal 
chlorates. The reaction is complicated, since the products of the ClO,-S 
reaction, e.g. SO,, also react explosively with the sulphur~chlorate mixture.’ 
A reaction which merits further investigation is that between aqueous solu- 
tions of chlorine dioxide and metals.**’ Some metals dissolve to give chlorite 
in solution, and if chlorine dioxide behaves under these conditions as an 
electron acceptor, the process could involve simple electron transfer from the 
metal: M + ClO, — M* + ClO}. Using the metal in the form of dust to in- 
crease its surface area, and aqueous solutions containing 65 g./l. of chlorine 
dioxide at 0°, or 45 g. Wk at 25°, the yields of chlorite with respect to the 
metal in “alien were found to be 82-85% for zinc, and 81-91% for cadmium. 
Magnesium and aluminium also react in this manner. The reactions may also 
be carried out using acetic anhydride as reaction medium, but side-reactions 
occur and the yields of chlorite are lower (20% with zinc and 16% with mag- 
nesium). No reaction with powdered zinc or magnesium was observed using 
pure liquid chlorine dioxide.*°’ Nickel filings react with chlorine-free 
chlorine dioxide in aqueous solution to give nickel chlorite in almost 100% 
yield at temperatures of 16° and 25°. If the reaction is carried out at higher 
temperatures (45°) the chlorite is unstable, and chloride and chlorate are the 
main products. The nickel chlorite is also unstable at lower temperatures if 
the chlorine dioxide used contains appreciable quantities of chlorine.*®’ 
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CHLORINE TRIOXIDE 


(42, 474;7188) 


This oxide was prepared, though not recognized, as early as 1843, as a 
brown liquid which separates on the walls of the vessel when chlorine dioxide 
is. exposed to light. An attempt was made to purify the material, and ana- 
lysis gave an empirical formula Cl,O,, There appears to be little further 
mention of the compound until 1923,? and in 1925 a study of the photodecom- 
position of chlorine dioxide made it clear that at least one unknown chlorine 
oxide was formed as an intermediate product.* Chlorine trioxide was first 
identified as a product of this reaction. The red droplets formed during 
photodecomposition were purified by distillation at low pressure; elementary 
analysis showed the Cl:O ratio to be 1:3, and cryoscopic measurement (in 
carbon tetrachloride) showed the compound to have the dimeric form Cl,O, 
(dichlorine hexoxide).* The compound as first isolated probably contained 
small quantities of other oxides in solution, since its physical properties were 
not quite in accord with accepted modern values. (See Table X, page 538). 
The postulated mechanisms for its formation by this method have been dis- 
cussed under the photodecomposition of chlorine dioxide. Chlorine trioxide 
is also prepared by the action of ozone on chlorine or, preferably, on chlorine 
dioxide. These reactions, with such properties of chlorine trioxide as in- 
fluence the reactions, will be discussed together. 

A kinetic study of the chlorine-sensitized decomposition of ozone revealed 
that the pressure changes following the mixing of chlorine and oxygen were 
very irregular, and the nature of this irregularity indicated that several 
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component reactions were probably taking place.* When the gas mixture was 
illuminated by blue light, there was a general decrease in reaction rate with 
time of illumination.*»® Also, on freezing out all other gases with liquid air, 
the quantity of oxygen produced in the reaction proved to be appreciably 
greater than the amount which the pressure increase would suggest. Another 
reaction therefore takes place which causes a decrease in pressure, and this 
decrease was largely explained when chlorine trioxide was identified on the 
walls of the vessel.° A more detailed examination of the oxygen discrepancy 
led to the identification of dichlorine heptoxide, Cl,O,, as an additional pro- 
duct of reaction. Using chlorine and ozone pressures of 60~70 cm. (pressure 
being measured in cm. of sulphuric acid, d 1-84) separation of trioxide was — 
plentiful at 0°, and was still observed at 20°, For the study of the part played 

by chlorine trioxide in the chlorine-ozone reaction, the trioxide could be con- 
veniently prepared as required by illuminating the gas mixture in the reaction 
vessel; excess gases were pumped off, and any impurity was removed by 
alternately freezing and liquefying the trioxide while evacuating the vessel,’ 

The reaction is suitably accounted for by the following steps:-* 


O,+ Av — OF 
OF + Cl, ~ ClO + ClO, 
clo, + O; > ClO; + O, 
2ClO AG, a0, 


The close relationship between the ClO radical and ClO; has also been 
emphasized.*® These reactions cannot, however, be examined as a separate 
sequence, since the chlorine trioxide produced also reacts with ozone. This 
reaction probably has a chain mechanism, represented by the steps:-’ 


ClO, + O;, + CIO, + 20, 
ClO, + O; + ClO#+ O, 
ClO + O;, — ClO, + 20, 


and so on; ClO¥ represents an energy-rich molecule. The initial rate of this 
reaction is proportional to the ozone pressure, but the rate decreases as the 
reaction proceeds, since the oxygen produced has an inhibitory effect. The 
rate is expressed by the equation:- 


dp/dt = k[o,] + £,l0,)/10,], 


where p is the gas pressure.’ Added nitrogen or chlorine has:the same inhibi- 
tory effect. The ratio of the specific rate constants at 20° and at 0° is 3-92, 
which corresponds with a heat of activation of 10-9 kg.-cal./mol.’ 

In addition to its direct reaction with ozone. the thermal decomposition 
and the chlorine-sensitized photochemical decomposition of chlorine trioxide 
also play significant roles in the chlorine~oxygen reaction, e.g. by terminating 
reaction chains such as those discussed BpOxes There are two modes_ of 
thermal decomposition:- 


2Cl0,’— Cl, + 30, (1) 
and 2ClO, ~ 2ClO, +O, (2) 


To determine the relative extents to which these two reactions occur, about 
0-5 ml. of liquid chlorine trioxide was sealed in a reaction vessel, and the 
pressure changes observed in the temperature range 0°-30°. Increase in 
pressure (Ap) was noted, all gases other than oxygen were then frozen out by 
liquid air, and the pressure due to oxygen alone (pO,) was measured. As- 
suming reaction (1), the ratio pOQ.,/Ap should be 0+75; for reaction (2), the 
ratio is 0-33, Some experimental values of the ratio are given in Table IXx;° 
these are each the mean of several determinations. 

Jt is evident that at the two lower temperatures, decomposition into — 
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chlorine dioxide and oxygen occurs. At 30°, decomposition appears to occur 
in both ways (1) and (2) to approximately the same extent, although initial 
decomposition may be by equation (2) at all temperatures, followed by further 
decomposition of the dioxide at the higher temperatures. 


TABLE IX.- THERMAL DECOMPOSITION OF CHLORINE TRIOXIDE 


There is direct evidence also for the formation of chlorine dioxide by thermal 
decomposition of the trioxide. When a drop of the liquid trioxide is sealed in 
a tube and immersed in a hot water bath, the colour rapidly changes to the 
yellow-green of chlorine dioxide, then diminishes rapidly. The dioxide was 
identified spectroscopically.**° 

The heat of activation for the decomposition of liquid trioxide has been 
calculated from the Arrhenius equation, assuming that the velocity constant 
for the reaction is proportional to the rate of pressure increase. From pres- 
sure-time curves over the temperature range 5°-15°, the temperature coef- 
ficient is 38 per 10° rise in temperature, and the heat of activation 22 + 2 
kg.-cal.*° A separate study of the temperature coefficient confirms the above 
value, and gives 21 to 26 kg.-cal. for the heat of activation of the reaction 
clo, ~ ClO, + %40,.°%°° For the ultimate thermal decomposition, ClO; > 
¥YCl,+ %O,, the heat of decomposition, measured by a calorimetric technique, 
is -37 + 2 kg.-cal.*” 

The photochemical decomposition of chlorine trioxide is sensitized by 
chlorine. Illumination of the trioxide vapour in equilibrium with the liquid 
does not affect the decomposition rate appreciably, but when chlorine is 
added, illumination by blue light accelerates the rate of pressure increase. 
At high light intensity, the pO,/Ap ratio is nearly 0-75, so that the decomposi- 
tion products are chlorine and oxygen.° 

It is clear from the above discussion that chlorine dioxide and ozone will 
react to form chlorine trioxide; in fact the reaction ClO, + O; —> ClO; +O, 
affords the best method of preparation.**° The reaction can be suitably con- 
trolled by mixing a stream of ozonized oxygen with a stream of oxygen con- 
taining chlorine dioxide. Oxygen gas from a cylinder is passed through an 
ozonizer to give an ozone concentration of about 7% by volume. A separate 
stream of oxygen is passed over chlorine dioxide to give a gas mixture con- 
taining about 20% by volume of the dioxide. The two gas streams are mixed 
(20 litres/hour for the ozone stream and 2 litres/hour for the chlorine dioxide 
stream) in a reaction chamber cooled by melting ice, where the trioxide con- » 
denses. The product at this stage contains as impurities chlorine dioxide 
and dichlorine heptoxide. In supsequent purification it is necessary to avoid 
the use of taps, since the trioxide attacks tap grease. Very pure samples of 
the trioxide cannot be obtained by distilling away the top fractions, since this 
does not remove involatile impurities, which probably result from reaction with 
the glass vessels. The oxide may be purified by fractional distillation; the 
reaction reservoir is kept at 6° and the pure trioxide collected in a cold trap 
at -20°. 

Some physical properties of chlorine trioxide are listed below: its ready 
thermal decomposition makes the determination of physical properties dif- 
ficult. , For example, three samples gave consistent melting points of 3+50°, 
3.52° and 3-50°, but on keeping a sample for 15 minutes at 5+5° the melting 
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point fell by 0+2°, and on keeping for 7 minutes at 17° there was a further 
decrease of 0-45°. 


TABLE X.- PHYSICAL PROPERTIES OF CHLORINE TRIOXIDE 


Melting point 435° 
Boiling point +203° 
Colour Dark red liquid 
Orange-red solid at -78° 
Yellow solid at 180° 
Density g./c.c. at 365° 2-023 + 0-003 


Molecular volume, c.c, 82-7 
Coefficient of expansion c.c./c.c./deg. i2+3x 107 
Trouton’s Constant 21 
Latent heat of evaporation, kg.-cal./mol. 9541 
Latent heat of sublimation, kg.-cal./mol. 1263 + 065 


Chlorine trioxide has a higher density, melting point, and latent heat of 
evaporation than any other oxide of chlorine. Several determinations of the 
vapour pressure have given values of the order of 1 mm. at room tempera 
ture.#%%'% Using small quantities of trioxide of high purity, it has been 
possible to determine values for the vapour pressure accurate to 0-02 mm. for 
temperatures below 0°. At higher temperatures the possible error is increased 
owing to thermal decomposition. When the logarithm of the pressure is 
plotted against 1/T, the results for solid and liquid lie on two straight lines 
represented by the equations:- 


loz, p(mm.) = ~2070/T + 7+1 (liquid) 
log.) p(mm.) = -2690/T + 9-3 (solid) 


These values cover the temperature range ae to 20°; the vapour pressure 
is 0-31 mm. at 0°.*° 


Molecular Constitution. 

Chlorine trioxide can exist either in the monomeric (ClO3) or dimeric 
(C1,0,) form, and the position of the equilibrium 2Cl1O; = C1,0, depends upon 
physical conditions. In the gaseous state the oxide is entirely in the mono- 
meric form.** A sample of the gaseous oxide was sealed into a quartz tube 
fitted with a pressure gauge and end windows, and the vapour pressure and 
absorption spectrum recorded simultaneously while increasing the tempera- 
ture. At room temperature the continuous absorption due to ClO; decreased 
with time, and the band absorption of chlorine dioxide increased. The tube 
was then heated until no further pressure change occurred. If chlorine tri- 
oxide exists in the monomeric form the total decomposition clo, > cl, + 
%,0, implies a two-fold increase in pressure: the ratios of initial to final 
pressure observed were 2:03, 1:97, 2-04 and 1-95.*° In solution in carbon 
tetrachloride the oxide is almost entirely dimerized to Cl,O,. The molecular 
weight, determined by cryoscopic measurements on the solutions, has been 
found to be only slightly less (153, 156) than the value for the Aine (167)%75 
In the liquid and solid states, dimerization is virtually complete. This is 
consistent with the low vapour pressure of both liquid and solid. The posi- 
tion of equilibrium has been determined in an elegant. manner by measuring 
the magnetic susceptibility of dichlorine hexoxide by the Guoy method over 
the temperature range ~40° to +10°."* Because of its odd number of electrons, 
the molecule ClO, will be paramagnetic, whereas the dimer Cl,0O, should be 
diamagnetic. (The system is closely similar to 2NO, = N,0,). Some results 
are given in Table XI and they show clearly that in the solid and liquid states 
the oxide exists almost entirely as dichlorine hexoxide. The experimental 
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TABLE XI.-MAGNETIC SUSCEPTIBILITY OF DICHLORINE HEXOXIDE 


oy evens 6 
Mass susceptibilities x 10 Clo, 


clo; ClO, | Observed | content 
(calc.) | (calc.) values % 


values for the diamagnetism are a little less than the calculated value for 
Cl1,0,. If this difference is due to the presence of ClO; molecules, then the 
content of this species is given in column 5. It is to be expected that dis- 
sociation of the dimer would increase with increasing temperature; on the 
other hand, thermal dissociation increases similarly, and since the chlorine 
dioxide so produced would also be paramagnetic, the values in column 5 are 
maximum values. The last column shows the equilibrium constant for the 
dissociation, concentrations being expressed in g. mol./litre. When log, K- 
is plotted against 1/7, a straight line is obtained, represented by the equa- 
tion:- 


logis = -0:974 = 1730/2-3 RT. 


It follows that the heat of dissociation Cl,0, — 2Cl0; is 1730 + 500 g.- 
cal./g.mol. No break in the line occurred at the melting point.‘ This small 
heat of dissociation no doubt accounts for the fact that the constant in the 
vapour pressure equation for the liquid (see above) has the normal value 
according to Trouton’s rule, in spite of the association to hexoxide.’° 


Structure. 

No direct evidence is yet available on the structure of either of the mole- 
cules ClO, or Cl,0,;. There is no doubt that chlorine trioxide contains three 
Cl-O bonds, and no peroxy-link, but whether the structure is planar or pyra- 

0 0 midal is a matter for conjecture. The ion ClO, is pyramidal. 

\ 17 The addition of an extra electron to ClO, forms an electron 
pair to occupy the fourth apex of a tetrahedron, but without 
this extra electron the ClO; molecule may be nearly planar. 
Two structures appear possible for the dimer:- 


O O O 


or@) 


0 0 
O—cl-cI—30 cl Cj 
o ~o ae oma 
(1) (II) 


The odd electrons in each ClO; unit may be paired to give a direct Cl-Cl 
bond, as in structure (I). This structure puts electric charges of the same 
sign on two adjacent (chlorine) atoms, and thus contravenes the adjacent 
charge rule.*”7 This is not a serious objection, since the corres ponding 
structure for dinitrogen tetroxide has been confirmed by crystallographic 
analysis. In view of the small heat of dissociation this bond must be ex- 
tremely weak, and structure (II) presents an attractive alternative mode of 
association. The oxygen atoms are considered as being tetrahedrally dis- 
posed round each chlorine atom.*® 

_ The chemical reactions of chlorine trioxide have been little investigated. 
It is the least explosive of all the oxides of chlorine and does not explode 
with shock or sudden heat. It is a very strong oxidizing agent, and will react 
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violently (even explosively) with stopcock grease, wood, alcohol and in fact 
most forms of organic matter.* There appear to be no really safe conditions 
under which this and the other oxides of chlorine can be handled. It is 
stated that ‘elaborate precautions against harm arising from explosions have 
only partly. succeeded in preventing personal injuries’. #0 The oxide reacts 
vigorously (and may explode) with water, the main products being chloric and 
perchloric acids:-* 


C1,0, + H,O > HCIO, +-HClO,. 


When the gas is mixed with water vapour, crystals of perchloric acid hydrate, 
HCIO,,H,O, separate on cooling. With alkali, a mixture of chlorate and per- 
chlorate is formed. 
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DICHLORINE EEPTOXIDE 


This oxide is the true anhydride of perchloric acid (Cl1,0, + H,O=2HCIO,), 
and it was first isolated by dehydrating the acid.* Anhydrous perchloric acid 
was added slowly to phosphoric oxide below -10°, and after a day the di- 
chlorine heptoxide was distilled off. There have been various modifications 
of this technique, many designed to minimize the danger of explosion. When 
the heptoxide was prepared by adding phosphoric oxide to cooled 70% per- 
chloric acid, the yield was small, and ‘small nerve-rackin g explosions’ 
occurred during the process. To avoid this, the 70% perchloric acid may be 
absorbed in 3~4 times its weight of purified kieselguhr, and mixed with 
phosphoric oxide in an equal weight of kieselguhr.* The heptoxide is distilled 
off at 80°-90°, and a pressure of 0-2 mm. Other dehydrating agents may be 
used. A mixture of potassium perchlorate (3 parts) and chlorosulphonic acid 
(5 parts) was coolediin an ether~solid carbon dioxide bath, and distilled under 
the vacuum from a water pump. On gradually raising the temperature to 70 
75° a yellow oily liquid was obtained containing dichlorine heptoxide together 
with other chlorine oxides and sulphury] compounds. By redistillation, a 50% 
yield of 98-99% Cl,0, was obtained.” However, where material of high purity 
is required, phosphoric oxide appears to be the best dehydrating agent. The 
heptoxide used for vapour pressure measurements” was prepared by first con- 
centrating a 60% perchloric acid solution by distilling off water at low pressure. 
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The concentrated acid was surrounded by a cooling bath of solid carbon di- 
oxide and alcohol, and phosphoric oxide added slowly through a side tube. 
Keeping the pressure low under the pump, the mixture was warmed to 40°; 
dichlorine heptoxide was evolved, and collected in a cold trap. After the 
first low pressure distillation, the liquid may be distilled at atmospheric 
pressure. It was distilled through phosphoric oxide tubes, passed over cop- 
per turnings to remove the last traces of chlorine and other chlorine oxides, 
and fractionated until a colourless sample was obtained. To minimize the 
risks from explosion, no more than 1 c.c. was prepared at one time.* Solu- 
tions of dichlorine heptoxide in carbon tetrachloride have been prepared 
directly by adding 82 g. of 70% aqueous perchloric acid drop by drop toa 
mixture of 120 c.c. of carbon tetrachloride and 50 g. of phosphoric oxide which 
is stirred rapidly. When the mixture is warmed and filtered, a 2:5% solution 
of the heptoxide is obtained. No phosgene is formed in the reaction, and the 
solution can be concentrated safely by redistillation.* 

Dichlorine heptoxide is formed when chlorine and ozone react in blue 
light. This complicated reaction involves all the oxides of chlorine, but 
dichlorine heptoxide is relatively inert chemically and tends to remain un- 
changed once it is formed, whereas the other oxides undergo further reaction. 
The discrepancy between the quantity of oxygen produced and that indicated 
by the pressure change in a chlorine-ozone mixture is greater than can be 
accounted for by the formation and condensation of chlorine trioxide.* The 
product responsible for this additional discrepancy was shown to be the 
heptoxide by thermally decomposing the trioxide, and pumping off all chlorine 
and oxygen from the system: the vapour pressure of the drop of colourless 
liquid remaining was found to be identical with values determined for di- 
chlorine heptoxide.** Its formation is believed to be due to reaction between 
chlorine trioxide and ozone, as follows:-* 


ClO, +O; > ClO, + 0, 
ClO, + ClO, ~ Cl,0,. 


These reactions are additional to, and take place at the same time as, other 
C1O;-O, reactions already discussed under chlorine trioxide. 
Some physical properties are listed in Tables XII and XIII. 


TABLE XII.- PHYSICAL PROPERTIES OF ENE HEPTOXIDE 


Melting point °C. 
Boiling point °c.° 
Density at 0°c.° 


Molecular volume c.c. 
Trouton’s constant? 
Latent heat of evaporation kg.-cal./mol.* 


TABLE XIII. ° - VAPOUR PRESSURE OF pe ae HEPTOXIDE 


pelea [ee 


The vapour pressure is related to the absolute SL STE te by the equa- 
tion: 


log, (mm.) = -1818/T + 8-03. 
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The latent heat was determined from this relation, and the boiling point by 
extrapolation of the vapour pressure curve. The heat of dissociation of 
gaseous dichlorine heptoxide has been measured by passing the gas con- 
tinuously over a red hot platinum filament in a calorimeter. The gas decom- 
poses into its elements (Cl,0, —> Cl, + 3/40,), and from the heat removed by 
the calorimeter and produced at the filament, the heat of decomposition was 
found to be 63-4 + 3 kg.-cal./mol.° 


Structure. 


Evidence on structure is based largely on Raman spectrum measurements.’ _ 


The spectrum of dichlorine heptoxide contains lines produced by the vibra- 
tions of the ClO, group. The dipole moment of the heptoxide, measured in 
solution in carbon tetrachloride at 20°, is 0-72 + 0-02 Debye units. The 
C1,0, molecule can be considered to consist of two ClO; units connected by 
an oxygen bridge. 


From the dipole moment, the angle Cl-O-Cl has been calculated to be 128°.’ 
The molecule is, of course, non-planar. This large bond angle, resulting 
from steric repulsion of the O atoms in the ClO, groups, will cause strain in 
the molecule at this point. The normal 2-electron O-Cl bond energy is cal- 
culated as 52 kg.-cal., and there are six of these bonds in the molecule. The 
total bond energy is 402 kg.-cal./mol. so that steric repulsion weakens the 
molecule to the extent of 14 kg.-cal./mol.° 

Dichlorine heptoxide is probably the most stable of the oxides of chlorine, 
and is inferior to the other oxides as an oxidizing agent. In the cold, it may 
be brought into contact with sulphur, phosphorus, paper, and wood without 
explosion or reaction. ‘It reacts slowly with water to form perchloric acid. 
Nevertheless, it still retains the explosive features of the chlorine oxides, 
and explodes violently under a blow or when heated rapidly. It undergoes 
slow thermal decomposition at room temperature. 
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CHLORINE TETROXIDE 


It has been claimed that the oxide ClO, is produced by reaction of silver 
perchlorate with iodine in anhydrous ether, the concentrations of the reactants 
being about 1%:-* 


2AgClO, + I, > 2AglI + 2Cl0,. 


The presence of a small amount of an unstable iodo-compound was also ob- 
served. The chlorine tetroxide was said to be colourless, not volatile in 
ether, and probably dimeric, (C1O,),. It was believed to react with water’ 
according to the following equation:- 


Refs. p. 543 


eg ee ey a eee 


17 | OXIDES AND OXYACIDS 543 


2Clo, + H,O — HCIO, + HO.ClO,. 


It has also been regarded as an intermediate in the reaction between per- 
chloric acid and fluorine.* The following facts are submitted as evidence 
that the solutions in ether contain chlorine tetroxide rather than perchloric 
acid:* (a) the solution liberated iodine from hydriodic acid, though not in 
equivalent amount; (5) with zinc and magnesium metals, perchlorates were 
produced and no hydrogen was evolved. (The reaction could thus be explained 
in terms of a simple electron transfer process: with iron, tin and copper, 
perchlorates of the metals in more than one valency state were produced, and 
with cadmium, bismuth and silver, reaction was slow and incomplete). (c) 
The reactions of solutions of perchloric acid and of ethyl perchlorate differed 
from those of the chlorine tetroxide solutions. 

The evidence for the existence of this oxide was in no way conclusive, 
and an alternative interpretation of the experimental data has been proposed 
involving the intermediate formation of iodine perchlorate:-* 


AgClo, + I, — AglI + ICIO,; 
followed by iodination of ether to give an unstable iodo-ether:- 
C,H;.0.C,Hs + IC1O, > C,Hs.0.C,H,I + HCI1O,. 
The iodo-ether slowly reacts with more silver perchlorate:- 
AgClO, + C,Hs.0.C,H,I > Agl + C,Hs.0.C,H,.Cl0,. 


The overall reaction therefore leads to the formation of equivalent amounts of 
perchloric acid and the ether perchlorate. On this basis, the oxidizing power 
of the solution should vanish towards the end of the reaction, as the iodine 
pérchlorate is consumed in iodinating the solvent. This has been found to be 
the case,* although the observation has been contested. The second and 
third stages are difficult to confirm because of the instability of the iodinated 
ether, but receive support from later work. When silver perchlorate and iodine 
react in the presence of an aromatic compound C,H;5X (e.g. chloro- or nitro- 
benzene) the reaction is exclusively:- 


C.HsX + I, + AgClO, > C,HsXI + Agl + HC1O,, 


and there is no evidence of the formation of chlorine tetroxide. The aromatic 
iodo-compound is not affected by excess of silver perchlorate. However, 
alkyl iodides do react:- | 


+) CH +Agclo, > C,H,ClO, +: Agl. 


When iodine and silver perchlorate react in ether solution, the initial pre- 
cipitation corresponds to 1 mol. of silver iodide per mol. of iodine. Reaction 
with the solvent is an essential step in the formation of the second molecule 
of silver iodide. This precipitation is slow, and during the process the 
oxidizing power of the solution disappears.° The original postulate that 
chlorine tetroxide was formed was:based on the assumption that ether be- 
haved as an inert solvent: since this appears to be untrue, there is no ap- 
parent justification for supposing that chlorine tetroxide is formed in the 
reaction between iodine and silver perchlorate. 
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HYPOCKRLOROUS ACID AND THE HYPOCHLORITES 


Preparation of Hypochlorous Acid. 

The preparative methods previously described (Mellor,II,244,276) remain 
the important methods, and recent developments have been concerned largely 
with the study of the mechanisms of these reactions, and of modifications in 
the experimental techniques. Hypochlorous acid may be prepared by dis- 
solving its anhydride (chlorine monoxide) in water. By this method dilute 
solutions only are obtainable; the position of the equilibrium Cl,O0 +H,O 


= HOCI, and the solubility of chlorine monoxide in water, have already been ~ 


discussed (see page 515). Hydrolysis of certain non-metal chlorides also 
gives hypochlorous acid provided that high temperatures are avoided; for 
example, NCI, + 3H,O0 = NH; + 3HOCI. The formation of hypochlorous acid 
by reaction between chlorine and water is probably the most important method. 
In the gaseous state and at high temperatures the reaction is Cl, + H,O—~> 
2HCl + 4%4O,, but in aqueous solutions chlorine reacts as follows: Cl, + H,O 
—> HCl + HOCI. 

The equilibrium constants K for this reaction, K = [HyocifAt*icrVicli,|, 
have been determined from the aqueous solution/carbon tetrachloride distribu- 
tion coefficient and from the electrical conductivity of the aqueous solutions. 
The values are given in Table XIV.’ 


TABLE XIV.- EQUILIBRIUM CONSTANTS FOR HYDROLYSIS OF CHLORINE 


0° 1.2° a | 176° | 25° 70° 
156 | 1664 | 3-16 | 3-63 | 448] 10.0 


Thus at atmospheric pressure saturated chlorine water contains about 0-06 M. 
total chlorine, about half of which is free chlorine and half is hydrolyzed. 
The rate of reaction has been studied by the streaming method.* Hydrolysis 
is extremely rapid, being substantially complete within one second at thay eg 
An attempt to explain the kinetics of the reaction, assuming reaction between 
chlorine and water molecules:- 


Clxt H.0 = HOGD+Ht Ver, 


was only partially successful,* and it is more satisfactory to regard the 
process:- | 


Temperature 
Kx 10% 


Cl, + OH” = HOC! + Cl 


as the rate-determining reaction.” 

Thus dicl,|/de = &,{cl,]lon] - &.[HocIIcI] and K =k,/k,ky. The 
value of the puinens constant /, is sisete 5 x 10**, and the yale: at 17.6° are 
only slightly greater than those at 1+2°, so that the reaction requires little or 
no activation energy and would appear to occur at almost every collision. 
Reaction between a chlorine molecule and a hydroxyl ion involves an increase 
of 22 to 25 entropy units.° 

The concentration of hypochlorous acid available by this method is 
limited by the low solubility of chlorine in water, but the yield may be in- 
creased by the addition of compounds which will remove the hydrochloric acid 
from solution. This is done in the usual laboratory method by passing 
chlorine into aqueous suspensions of mercuric oxide, but this gives solutions 
of hypochlorous acid containing dissolved mercury salts. The difficulty may 
be overcome by suspending mercuric oxide in carbon tetrachloride. The 
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chlorine monoxide formed on treatment with chlorine dissolves in the carbon 
tetrachloride; when this solution is extracted with water, a pure solution of 
hypochlorous acid is obtained which contains no mercury salts and is practi- 
cally free from chlorides. This process can give concentrated solutions 
which are very stable.° Suspensions of many other compounds in place of 
mercuric oxide have been used (Mellor,JI,244), but many suffer from the same 
disadvantage in that the solution is contaminated with metal salts. However, 
an aqueous suspension of bismuth trioxide gives solutions of hypochlorous 
acid which are virtually bismuth-free:- 


-Bi,O, + H,O + Cl, > 2BiOCl + 2HOCI 


although high concentrations of the acid cannot thus be obtained.°” Ona 
large scale, hypochlorous acid may be produced in a continuous process by 
treating mercuric or silver oxide with chlorine so as to convert only part of the 
chlorine to chlorine monoxide. This gas mixture is treated with water under 
conditions such that the chlorine monoxide dissolves but little of the chlorine 
is absorbed. The unused chlorine is then recycled.* Hydrochloric acid may 
also be removed by the use of insoluble metal oxides or carbonates, or soluble 
alkalis. Thus chlorine and water may be passed into an absorption tower 
packed with calcium carbonate,*™* or calcium oxide.** Hypochlorous acid is 
so weak that conditions can be selected under which hydrochloric acid, but 
not hypochlorous acid, is neutralized. Sodium bicarbonate can be used for 
this purpose.’ Continuous processes have also been developed which in- 
volve passing a solution of alkali or alkaline earth hydroxide or hypochlorite 
down a scrubbing tower, with counter-current flow of chlorine.** The 
hypochlorous acid produced by these processes is either filtered,*%’** dis- 
tilled,’® or extracted with some suitable solvent,’ such as carbon tetrachloride, 
chloroform, dichloroethane, tetrachloroethane and diethyl*ether. These 
solvents extract the hypochlorous acid from aqueous solution, but not the 
chloride which is also formed in quantity. Extraction is improved by the 
addition of small quantities of short chain primary (methyl-butyl) alcohols. 
If the alcohols are added alone to hypochlorous acid solutions, an insoluble 
compound (presumably the alkyl hypochlorite) separates, and is removed by 
decantation, solvent extraction, or evaporation in a current of air. The ester 
may then be hydrolyzed by strong alkali.” 

A stable solid which will yield hypochlorous acid on treatment with water 
may be prepared by mixing magnesium hypochlorite with sodium hydrogen 
sulphate. This solution will, of course, be heavily contaminated with other 
ions.’° ‘This contamination is less if calcium phosphate is mixed with cal- 
cium hypochlorite, treated with water, and the solution acidified with sul- 
phuric acid to pH 4:5=7." 


The Properties of Hypochlorous Acid and of the Hypochlorites in General. 
Hypochlorous acid is not sufficiently stable to exist as the pure acid and 
is commonly used in aqueous solution. From the freezing points of the 
aqueous solution,’ and the fact that the distribution of hypochlorous acid 
between solution and vapour is independent of concentration,*® it is evident 
that hypochlorous acid is not associated in aqueous solution. A comparison 
of the absorption spectrum of the aqueous solution with that of the vapour 
does suggest however that there may be considerable interaction with the 
water dipoles.'® ‘The absorption spectra for solution and vapour are shown in 
Fig. 1. The hypochlorous acid for these measurements was prepared by 
distilling a mixture of bleaching powder, boric acid and water under reduced 
pressure. Traces of chloride were removed by redistillation over silver 
sulphate. To obtain the absorption spectrum for the vapour, light was trans- 
mitted through a tube 10 metres long, heated electrically to about 45°C. A 
hypochlorous acid solution was heated, and the vapour passed along the tube. 
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There is a considerable difference between the extinction coefficients, €, 
obtained in the vapour and dissolved states. Since solutions of hypochlorous 
acid can be so readily distilled, it is probable that the acid exists as the 
molecular form HOCI in the vapour phase. An alternative concept, that the 


acid dissociates entirely into chlorine monoxide and water in the vapour, may © 


be dismissed on the grounds that: (a) the vapour spectrum (Fig. 1) does not 


3 ; A = vapour 


B = aqueous solution 


A 


240 280 320 360 400 
Wave Length mp 


Fig. 1. ABSORPTION SPECTRUM OF HYPOCHLOROUS ACID 


resemble that of chlorine monoxide (see page 516), and (b) although the ex- 
tinction coefficients differ, the general form of the vapour and solution curves 
is similar. The difference cannot be ascribed to chlorine dioxide, which has 
a readily detected band spectrum. The spectra show two main absorption 
regions; these may result from dissociation into OH + Cl, HCl + O, or H+ 


ClO, but a particular dissociation process has not been assigned to either 


band with certainty.*’ It is feasible to attribute the difference between the 
two curves to dipole association in aqueous solution, but this is not entirely 
satisfactory, since an aqueous solution of hypochlorous acid has been shown 
to give the same absorption spectrum as a solution of ethyl hypochlorite in 
petroleum ether.” It is more likely therefore that the difference results from 
abnormality in the gaseous, rather than in the dissolved, molecule. 

The heat of formation of HOCI(aq) from the elements has been determined 
as** 29+29 and”? 29-22 kg.-cal./mol. The heat of formation of HOCI(aq) from 
chlorine and the alkali metal hydroxides is 30-44 (+ 0+1%) kg.-cal./mol.”* 
The heat of neutralization of hypochlorous acid with strong alkalis is 8-94 
kg.-cal./mol.; the values obtained with lithium, sodium, potassium, calcium, 
strontium and barium hydroxides are almost the same, which is held to indi- 
cate that hypochlorous acid is only slightly dissociated in aqueous solution. 
Heats of dilution of aqueous solutions over a range of concentration have also 
been determined by a calorimetric method.” 
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Hypochlorous acid is a weak acid. This, combined with its instability, 
has made the accurate determination of its dissociation constant difficult. 
The scatter in the experimental values is shown in Table XV. 


TABLE XV.- DISSOCIATION CONSTANTS OF HYPOCHLOROUS ACID 


Temp. °C. | Reference 


| Dissociation Constant K 
(x 10°) 


1-0 
0-067 
268 
3-01,2°95 
3.9 
3047 
306 
307 
5+6 
64 

10-5 

146 

1:04 

1-18 

68 


The more recent values are in reasonable agreement, and the true value is 
probably between 3 x 10° and 4 x 10°; ionic dissociation is therefore ex- 
tremely small. 3 

Hypochlorous acid decomposes on standing. There are two modes of 
decomposition:- 


ZnO). Z2HCl +0, 
3HOCI — 2HCI + HCIO3. 


Since the free ions undergo similar decomposition, the salts are also 
unstable, though their decomposition is usually slower. The mode, and the 
rate, of decomposition can be influenced considerably by temperature, con- 
centration, pH, added salts, exposure to atmosphere and illumination. Since 
the first reaction is responsible for the oxidizing and bleaching action of 
hypochlorites, the decomposition has been studied under a variety of condi- 
tions. Sodium hypochlorite solutions with 10% available chlorine lose about 
0:017% daily; the concentration falls to half strength in about a year, and 
from 10-74 to 340% in two years.** Early attempts to explain the mechanism 
of decomposition were based on a series of collateral reactions which in- 
cluded the intermediate formation of chlorite.*® However, added chloride tons 
influence the velocity of decomposition, and it is not necessary to assume 
such collateral reactions.*°*? At constant pH, the reaction is autocatalytic, 
the velocity being proportional to the chloride ion concentration and to the 
square of the hypochlorite ion concentration. The catalytic effect of the 
nitrate ion is much less than that of the chloride ion,** and sodium hypochlorite 
made from very pure reagents is much more stable than that containing traces 
of catalytic impurity. Catalysts generally increase the rate of both modes of 
decomposition, but the increase is less pronounced in the reaction forming 
chlorate.** 

The rate of decomposition of sodium hypochlorite solutions free from 
traces of heavy metals has been studied at 45° in the presence of various 
added salts, including sodium chloride, sodium sulphate, sodium dihydrogen 
phosphate and calcium chloride.“* The experiments were confined to the 
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initial stages of the decomposition, where the reaction:- 
2CLON Cites 


is not complicated by the chlorate tons which appear as reaction proceeds. 
The Bronsted theory may be applied to the reaction; the decomposition rates 
have been substituted in the equation:- 


h= kCaCp 102 AZBVE 


(h = reaction velocity, k = velocity constant, C4 and Cx are the molar con- 
centrations and Za and Ze the valencies of ions A and B, and up the ionic 
strength of the solution). A positive salt effect_is to be expected in this 
reaction; the slope of the plot of log k against Vp is found to be +1, in full 
agreement with the above mode of decomposition. The velocity data show 
the reaction to be kinetically bimolecular in strong salt solutions.** Other 
experiments, also at 45°, indicate that decomposition is bimolecular only so 
long as the solution remains alkaline;** in acid solution the order of re- 
action could not be determined definitely.*® 

The pH of the solution influences not only the rate but also the mode of . 
decomposition. Dilute hypochlorite solutions are most stable at pH 13+1, and 
least stable at pH G+7.*7 Maximum chlorate formation has been observed in 
weakly alkaline medium,** and at pH 7+13.*° Oxygen evolution is less as 
chlorate formation increases; for potassium and sodium hypochlorites, at 20°, 
the evolution of oxygen goes through a minimum at pH 7, and is maximal at an 
acid concentration corresponding to a solution of 0+5 g. of orthoboric acid in 
10 ml. of water. Lithium hypochlorite behaves differently, and the oxygen 
evolution increases slowly with pH. Under the same conditions, the rate of 
decomposition of the salts KOC], NaOCl and LiOCl decreases in the order 
named. The formation of alkali peroxides was believed to be a rate-determin- 
ing reaction, although the addition of alkali peroxides or hydrogen peroxide 
gave negative results.*° The influence of pH on decomposition rates appears; 
from limited data, to be less at higher temperatures than at room temperature. 
The velocity constant K for sodium hypochlorite decomposition has been 
determined at 31° and at 46°, and in 0+30 and 0-381 N-sodium hydroxide solu- 
tion. In 0°30 N-alkali, K,,0 = 0-0006 and K,,o = 0-0042. In 0+381 N-alkali, 
K3,9 = 0-00035 and K,go = 0-0042. At the higher temperatures the velocity 
constant appears to be independent of alkali concentration, but the concentra- 
tion difference is not sufficient to establish this.” 

Illumination greatly accelerates the decomposition of hypochlorous acid®™ 
and of metal hypochlorite solutions.°*** The products of photodecomposition 
are the same as for the dark reactions, hydrochloric and chloric acids and 
oxygen being produced. At temperatures above 50°, visible rays were found 
to be more active than ultra-violet, which had little effect; hypochlorous acid 
was also found to be less sensitive to light than its sodium salt.* At room 
temperature the reverse is the case.°* For photodecomposition of hypo- 
chlorous acid, the quantum efficiency is between 2 and 3. The proposed 
mechanism is represented by the steps:-™* 


(a) HOC! + Av—~>HC1 +0 
(b) 0 +HOCI — HCI + OF 
(c) HOC! + O#-> HCIO, 
(d) OF +O, 


Reactions (c) and (d) are concurrent and competing reactions. For reactions 
(a), (b) and (c), the quantum efficiency is 3, and the overall reaction is 3HOCI 
—> 2HCl + HCIO;. For reactions (a), (5) and (d), the quantum efficiency is 2, 
and the overall reaction 2HOC] — 2HC1+0,. The yields of chloric acid (and 
thus the quantum efficiency) are considerably increased by adding sodium 
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phosphate, and to a smaller extent by adding lithium sulphate and sodium 
sulphate. Yields are slightly decreased by adding sulphuric acid, but more 
so by adding ionic chlorides, which are effective in the order HCI>KCI>LiC1.™ 
The photodecomposition of sodium hypochlorite solutions resembles that for 
hypochlorous acid. Using a wave-length of 3650 A., the quantum efficiency 
decreases with decreasing concentration. Decrease in wave-length, or addi- 
tion of sodium chloride, increases the quantum efficiency, and thus the yield 
of chlorate compared with that of oxygen. At a wave-length of 2540 A. this 
increase in quantum efficiency is pronounced. The above mechanism is then 
inadequate to explain the results, and it is suggested that in this case the 
absorbed quantum activates an O, molecule to a sufficient extent to enable it 
to split off atomic oxygen from the ClO” ion.*® 

Because the decomposition of the hypochlorite ion is an important factor 
in bleaching operations, much work has been done on the behaviour of various 
materials as catalysts or ‘activators’ for this decomposition.®* The addition 
of metals, their oxides or hydroxides, has a pronounced effect on the decom- 
position rate. The efficiency of the metals themselves varies widely; alu- 
minium, lead, zinc and iron are not so effective as manganese, cobalt and 
nickel.®* If the decomposition rate is expressed in the form:- 


dlocll/de = -klocl"]? 


then the catalytic action of various metal hydroxides may be compared from 
the following values of k, which were obtained when small quantities of the 
hydroxide were added to 0-05 molar sodium hypochlorite at 25°:- 


Pydroxide of: Ge Nt Cu sn, Fe 
Rete Belt Os AA ten 2e) Os 


In the absence of a catalyst, s was 0:01.°” In these catalyzed decompositions 
the velocity is again retarded by 1 increase in pli, and is accelerated by increase 
in temperature. With increasing hypochlorite concentration, however, the 
decomposition rate at first decreases, then becomes constant.°° The decom- 
position rate of sodium hypochlorite solutions has been studied also in the 
presence of copper snd iron compounds,” cobalt and nickel oxides,** and 
cobalt, copper and iron oxides.*” The presence of free alkali reduces the 
reaction velocity with both nickel and cobalt oxides. These oxides are added 
as the higher oxides NiO, and CoO,; although they are termed ‘peroxides’ 
there is some doubt as to their true constitution. This uncertainty however is 
less important than might appear, since the normal oxides are converted by 
hypochlorite into the higher oxides, and the oxide responsible for catalysis 
may not therefore be the one added initially. Using the oxide CoO,, the 
specific reaction constant is proportional to the quantity of catalyst added.” 
Reaction velocities in this experiment (as in most others) were determined 
from the rate of oxygen evolution. The effectiveness of the catalyst was 
found to decrease with repeated use. Addition of sodium chloride increases 
the value of the reaction constant, the increase being proportional to the 
square root of the sodium ion concentration. An increase in sodium ion con- 
centration probably results in higher adsorption of the hypochlorite ion on the 
catalyst surface. The catalyst will no doubt influence the decomposition 
rate by forming intermediate compounds at its surface; the nature of these 
compounds may depend, in turn, on the structure of the catalyst oxide. An 
attempt has been made to devise a reaction scheme, but this scheme assumes 
that the oxide CoO, is a peroxide, which is unlikely. The temperature co- 
efficient of reaction, for decomposition catalyzed by cobalt dioxide, is 2+37 
for a 10° rise in temperature. 

The catalytic effect of metals and their compounds may be enhanced by 
the addition of ‘promoters’. Thus, alumina gel is without appreciable effect 
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on sodium hypochlorite, but together with cobaltic oxide it shows a promoter 
action which is a maximum at about 26-39% of alumina. With nickel oxide, 
alumina gel shows at first a marked promoter action, but larger quantities 
have a ‘depressor’ action; this may be due to occlusion of the nickel oxide 
within the gel, where it would be no longer available for hypochlorite adsorp- 
tion.°*> Mixtures of the higher oxides of cobalt and nickel are more efficient 
catalysts, weight for weight, than either oxide singly, and the effect is ata 
maximum at about 30% nickel oxide. Oxide gels have been arranged in the 
following order of decreasing catalytic activity: Ni>Co>Cu>Fe>Mn>Hg. The 
catalytic activity of copper oxide is enhanced by the addition of magnesium 
oxide,°’ (although the latter does not catalyze hypochlorite decomposition), 
and ferric oxide.°* The maximum promoter effect is obtained when the oxides 
are present in the ratio Cu:Mg = 1:4, and Cu: Fe = 1:1.°%°? It is suggested 
that the promoter functions by preventing agglomeration of the particles of 
catalyst and thus preventing the destruction of active centres.°” 

Ammonia and related compounds also accelerate the decomposition of 
hypochlorites, although in this case direct chemical reaction is involved. 
Reaction with ammonium hydroxide is firstly:- 


NaOCl + NH,OH — NaOH + NH,OCI. 


Ammonium hypochlorite is unstable, the overall reaction for its decomposition 
being:- 


NH,OC! —> NH,CI + 0, 
but the reaction proceeds via the formation of monochloroamine:- 
NH,OCI — H,O + NH,CI, 
which can react further with hypochlorite:- 
NH,Cl + NaOCl — NHCI, + NaOH. 


Hydrolysis of the chloroamines gives ammonium chloride and oxygen. On 
adding ammonium hydroxide to sodium hypochlorite solution, decomposition is 
greatest when the NaOCl: NH,OH ratio is 2:1, and is a minimum when it is 
1:1. The temperature coefficient of reaction is 1-94.°%°* These reactions 
are very rapid when ammonium salts are used. With ammonium carbonate, 
oxalate, nitrate, acetate and phosphate, “ecomposition of hypochlorite takes 
place within a few seconds. By the use of alkyl-substituted compounds, the 
decomposition rate can be reduced. Thus in the series urea, ethylurea, 
diethylurea, ethyl and diethylammonium chloride and methylammonium chloride, 
the time required for decomposition of 80% of the hypochlorite varies from 
20-30 minutes to 5-6 hours. In all cases chloroamine-type compounds are 
formed. 

Solid hypochlorites also undergo decomposition. Experiments on storage 
of calcium hypochlorite showed that at 25° the internal pressure of sealed 
containers may be increased by 10% owing to oxygen evolution; at 100-112° 
calcium hypochlorite decomposed rapidly, and often violently.°° The stability 
of solid sodium hypochlorite varies with the degree of hydration. Thermal 
data and solubility curves indicate the existence of the three hydrates NaOCl, 
5H,O (m.p. 245°), NaOCl,25H,O (m.p. 57+5°), and NaOCl,H,O. At room 
temperatures the pentahydrate liquefies in the course of a few hours, and 
decomposition occurs by both routes, to give chloride with chlorate, and 
chloride with oxygen. The decomposition is greatly accelerated by carbon 
dioxide in the air.°’ The stability of solid sodium hypochlorite increases as 
the degree of hydration is decreased, and the technical product (which corres- 
ponds approximately to NaOCl,4H,O) may be stabilized by passing carbon 
dioxide-free air over the crystals, maintaining the temperature below the 
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melting point of the crystals, until the degree of hydration is reduced to 2-3 
molecules of water per hypochlorite molecule.®® 

Various methods have been suggested for stabilizing hypochlorites for 
commercial use. They should be stored in the dark,®* kept out of contact 
with air and freed from dissolved oxygen as far as possible,” and in tropical 
climates decomposition is reduced by storage in a refrigerator.” Stabilizing 
agents for hypochlorite solutions include sodium silicate,°””’ alkalies’®’’* and 
potassium permanganate.® The addition of sodium bicarbonate to sodium 
hypochlorite in the molecular ratio 2:1 stabilizes the solution.®®° Agents 
suggested for stabilizing solid hypochlorites include sodium chloride free 
from magnesium chloride and other hygroscopic impurities,’””* sodium sul- 
phate,’* sodium monoxide’ and sodium carbonate.” 

The oxidizing power of hypochlorous acid and the hypochlorites is modi- 
fied by the presence of activators. ‘These additives have been referred to in 
connection with the decomposition rates of hypochlorites, since any compound 
which accelerates the decomposition rate also enhances the oxidizing pro- 
perties of hypochlorites. Hydrogen peroxide can serve as an activator of a 
different type, and the kinetics of the hypochlorous acid=hydrogen peroxide 
system have been studied. Reaction is most rapid at pH near 8, where the 
hypochlorous acid is least stable,** and takes place between the hypochlorite 
ion and hydrogen peroxide molecule:- 


ClO. 8.0; SHG Ol 


This is the rate-determining step; reaction is of second order, and the rate 
constant is 1-7 x 10° litres/mol.min. at 25° The reaction has an activation 
energy of 11-6 kg.-cal./mol.** In connexion with the mechanism of hypo- 
chlorite oxidation, the oxidation potentials of some hypochlorite solutions 
have been measured,**** and the anodic oxidation process studied.** 

Hypochlorites oxidize bromides to hypobromites and bromates, and iodides 
to hypoiodites and iodates. These reactions depend to a considerable extent 
on pH and temperature. Within the pH range 10~13, reaction with a bromide 
produced only hypobromite; the reaction is of second order, and the rate- 
determining step is probably:- 


HOCI + Br” ~ HOBr + Cl. 


Under these conditions no other oxyacid ions are formed. At 25°, the rate 
constant is 1:77 x 10° litres/mol.min., and the dependence of reaction on 
temperature gives an activation energy of 15 kg.-cal./mol. for this reaction.°° 
Asimilar reaction with iodides forms the basis of a method for the quantitative 
determination of the hypochlorites. If the latter are titrated with iodide in 
sodium bicarbonate solution, the hypoiodite first formed is unstable, and is 
converted to iodate, so that the reaction is:- 


2HOGLia-abe Ow tasE eo Cle 


At the end point, addition of excess iodide gives free iodine.*’ 
Sodium thiosulphate is oxidized to sodium sulphate by hypochlorites. | If 
the hypochlorite is added to excess of thicsulphate, reaction is not quantita- 
tive since some sulphur escapes oxidation by forming hydrogen sul phide. 
Reaction is quantitative, however, if the reagents are mixed in the reverse 
order; it may be followed by potentiometric titration, when the end-point is 
indicated by a change in potential of the order of 800 mv.°* Sodium thiosul- 
phate is oxidized less readily by hypochlorous acid than by hypoiodous acid. 
Solutions of metal sulphides react with an excess of a hypochlorite to form 
sulphur and sulphate, in quantities which depend on the relative concentra- 
tion of reactants, temperature and pH. The initial reaction involves formation 
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of sulphur:- 
Na,S + NaOCl + H,O — NaCl + 2NaOH + S; 


the sulphur is then oxidized, by stepwise addition, to the sulphate ion. As 
expected, the highest SO,:S ratio is obtained in high hypochlorite concentra- 
tions.” 

Under favourable conditions ammonia may be oxidized to nitrogen by 
hypochlorites, but the reaction is always far from quantitative since it is 
difficult to prevent the formation of chloroamines referred to above.”* In 
volumetric determinations, ammonia oxidation may be carried out by neutra- 
lizing the solution, adding potassium bromide, and titrating it with calcium 
hypochlorite solution. In this procedure the oxidizing agent is the hypo- 
bromite ion, which is a stronger oxidizing agent than the hypochlorite ion. 
Even so, fesules are satisfactory only with less than 10 mg. of ammonia, and 
are erratic with larger quantities of ammonia.”*°* The bromide~hypochlorite 
mixture, in the presence of sodium bicarbonate, has been used successfully to 
determine thiocyanates, thiosulphates, cyanides, ** hydrazine, selenites and 
tellurites,’* though the two latter are oxidized quantitatively by calcium hypo- 
chlorite alone. Some of the difficulties involved inthe use of hypochlorites 
may be overcome by the use of chloramine-T, which is hydrolyzed to give 
sodium hypochlorite in dilute acid solution:-*» 96° 


CH,.C,H,.SO,N.NaCl + H,O > CH;.C,H,.SO,NH, + NaOCl. 


Its aqueous solution is much more stable than is a hypochlorite solution, and 
it has been used with success for the determination of arsenic, antimony and 
tin salts, thiosulphate, sulphite and sulphide, cyanide, thiocyanate and ferro- 
cyanide. In the presence of potassium bromide the oxidizing powers are in- 
creased; hydrazine is oxidized to nitrogen, but direct titration of ammonium 
salts is again unsatisfactory.°° The reaction between hypochlorite and 
nitrites is highly dependent on pH; for pH values over 10, oxidation of nitrite 
does not occur,”” although oxidation occurs quantitatively on titrating a solu- 
tion of sodium nitrite with a chloramine-T solution in the presence of potassium 
iodide. 

Manganese salts are oxidized by hypochlorites to permanganates. The red 
colour sometimes observed in calcium hypochlorite is attributed to oxidation 
of traces of manganese salts.°* The readiness with which this oxidation 
occurs can be influenced considerably by added salts, and the effect of added 
copper and cobalt salts has been investigated in detail.°? Added to a solu- 
tion of nickel sulphate, sodium hypochlorite produces a black hydrated nickel 
dioxide, the properties of which vary with temperature and conditions of 
precipitation.’”° 


Bleaching. 

There are three main reactions which account for the bleaching action of 
hypochlorous acid and hypochlorites on organic colouring matters; the latter 
may be chlorinated (which happens with saturated compounds) or oxidized 
(when extensive breakdown of the molecule frequently occurs) or with unsatu- 
rated compounds the hypochlorous acid may add to a double bond in the form 
OH + Cl:- 


RC == CR, HOC Roe aid as 
(O) saxon 


Bleaching with hypochlorous acid is not usually a reversible process. No 
single molecular or ionic species is responsible for bleaching, and the best 
conditions depend largely on the composition of the compound to be bleached. 
Dyestuffs are normally unsaturated; the rate of bleaching of several dyes by 
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hypochlorous acid has been found to increase on adding sodium chloride, 
sodium hydroxide or hydrochloric acid, particularly the latter. The variation 
in electrical conductivity during the bleaching of Orange II by hypochlorous 
acid in the presence of hydrochloric acid showed no appreciable increase in 
the concentration of the latter. No oxidation takes place therefore, and 
bleaching is due to addition of HOCI across a double bond.*°"°? Bleaching 
efficiency in such a case will depend on hypochlorous acid concentration; it 
may be increased by a factor of 5 by addition of sodium bicarbonate,*’* and 
this is attributed to the reaction:- 


NaOCl + NaHCO, — Na,CO, + HOCI. 


Sodium bicarbonate will also neutralize the sodium hydroxide formed in the 
hydrolysis:- 


NaOCl + H,O > HOCI + NaOH, 


and thus minimize the reverse reaction. A similar explanation may account 
for the catalytic effect of hydrochloric acid, although if a calcium hypochlorite 
solution is brought to the same pH value (7:6) by sodium bicarbonate or 
hydrochloric acid, the bicarbonate solution is the more efficient bleach.’ 
These solutions are valuable for immediate use, but if the solution is to be 
stored, a high concentration of hypochlorous acid leads to decomposition into 
chlorate:- 


ClO: 4 2HoGre Gil. eee 2Cl. 


Since the rate of chlorate formation is proportional to [HOCI]?, it can be 
greatly reduced by the addition of a small excess of alkali. Reference should 
also be made to several other papers in which the optimum conditions for 
using hypochlorite solutions for bleaching fabrics and wood pulp are dis- 
cussed,?°°*°? and to the kinetics of hypochlorite bleaching.**° 

The action of hypochlorites on the material to be bleached is another 
factor in their use as bleaching agents. Cellulose is oxidized slowly, and 
the presence of metals or their salts (such as copper, iron, copper soaps, iron 
rust) catalyzes this oxidation.*** Hypochlorous acid causes slight dissolu- 
tion of wool as a whole; chloroamines are not detected when wool is treated 
with hypochlorous acid, though they are formed when chlorine acts on wool. 
Hypochlorous acid reacts with the carboxyl groups in wool protein, since 
wool so treated will no longer condense with semicarbazide.*? Treatment of 
wool with calcium hypochlorite results in scale and cortical-tissue chlorina- 
tion.** 

Corrosion. 

Many metals and alloys are corroded by hypochlorite solutions, and it is 
unfortunate that alkalies and salts added to stabilize the hypochlorite fre- 
quently increase the corrosive properties of the solution. Using commercial 
sodium hypochlorite solutions, some metals tested have been arranged in the 
following order of increasing corrodibility: monel metal, steel, nickel, tin, 
copper.*%* A solution of sodium hypochlorite (255 p.p.m.) was found to dis- 
solve tin at the rate of 0-12 mg./sq.cm./hour.**® In the case of nickel, tin, 
stainless steel and monel metal, both sodium phosphate and detergents re- 
duced the rate of corrosion.’*® Sodium silicate is also a good corrosion 
inhibitor.*?”? Some reports on corrodibility are apparently conflicting; thus 
aluminium is said to be readily attacked by hypochlorite solutions,‘*°""’ and to 
be resistant.?!® Iron containing chromium is reported as resistant,’*%''° but 
also to be corroded.'?” This may be due partly to the use of different metal 
samples, but it arises mainly from the differing standards used to define 
negligible corrosion; what may appear as negligible corrosion on a large-scale 
trial may be readily measurable under laboratory conditions. Hypochlorite 
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solutions may be used to blacken copper:*” a fine, evenly distributed coating 
of copper oxide is produced by immersing clean copper in a sodium hypo- 
chlorite solution containing sodium hydroxide and an alkali metal phosphate. 


Uses, 

Apart from their very general use as bleaching and disinfecting agents, 
hypochlorous acid and the hypochlorites have been used for a number of more 
specialized purposes, for example in water sterilization, textile finishing,’ 
anti-algae treatment of refrigerator water,’ air purification,'’’*® and as 
deodorizers and bactericides.'?*"?* Sodium hypochlorite, together with a 
sulphonate wetting agent, is used as an insecticide,’*” and hypochlorites have 
been suggested for the selective oxidation of minerals.’** Organic sulphur 
compounds in coal gas and petroleum may be removed by treatment with 
sodium hypochlorite.*”°*** Although the latter has little action on thiophen, 
hypochlorous acid attacks thiophen readily, about 15% of the thiophen sulphur 
being oxidized to sulphate, and thiophen may be removed from benzene by this 
means. Acidification of a sodium hypochlorite solution with acetic acid to 
pH 4 gives an effective reagent, and using thiophen, hypochlorite ion and 
acetic acid in the ratio 1:5: 16, thiophen removal was found to be complete.**” 
Carbon black is rendered hydrophilic by treatment with sodium hypochlorite; 
a stable suspension in water can therefore be formed, and in the formation of 
hardened rubber this suspension can be mixed with the latex without coagula- 
ting the latter.‘** Hypochlorous acid also finds extensive use in preparative 
chemistry by virtue of its ability to add to carbon-carbon double bonds. The 
hypochlorous acid is not usually prepared separately, and it is often suf- 
ficient to pass chlorine and the unsaturated compound into water at the same 
time. The chlorine is hydrolyzed, and the hypochlorous acid so formed 
reacts immediately. Using ethylene, ethylene chlorohydrin is formed,'™ and 
its hydrolysis provides ethylene glycol. 
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THE HYPOCHLORITES 


The preceding sub-section being concerned with those general properties 
of hypochlorites which may be regarded as characteristic of the hypochlorite 
ion, the present sub-section deals with the preparation and properties of 
particular salts. Some aspects of preparative work that are common toa 
number of preparations are mentioned first. The important reaction is still 
that between chlorine and an alkaline solution:- 


Cl, + 2NaOH — NaOCl + NaCl + H,O; 
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the reaction is usually stopped before completion, since the free alkali re- 
maining enhances the stability of the solution."****° Solid mixtures of hypo- 
chlorite and chloride are obtained by suspending the anhydrous alkalihydroxide 
in carbon tetrachloride, and treating the suspension with chlorine. Since 
alkali hypochlorites are insoluble in carbon tetrachloride, the product may be 
filtered off and dried.° The chlorine may be replaced by a mixture of chlorine 
with chlorine monoxide, or by chlorine monoxide alone.’ Hypochlorites are 
usually prepared as mixtures with chlorides, but can readily be separated from 
chloride. For example, addition of acetanilide or other amine base to an 
aqueous solution gives the chloryl derivative of the base, while the chloride 
has no action. The chloryl compound may be separated, and treated with an 
alkali hydroxide (such as calcium hydroxide), to form the corresponding hypo- 
chlorite.° In place of acetanilide, tert.-amyl alcohol or other tertiary alcohol 
may be used; the tertiary alkyl hypochlorite is separated from solution, and 
is treated with alkali hydroxide.*°”* This reaction can also be carried out 
between the solid alkali and the alkyl hypochlorites in the vapour phase with 
a small proportion of water; for example, calcium hypochlorite is prepared by 
treating lime with the vapour of tert.-butyl hypochlorite.*? The addition of a 
small quantity of an arylsulphonamide stabilizes solutions of metal hypo- 
chlorites. The sulphonamide takes up any hypochlorous acid formed by 
hydrolysis, and this inhibits the HOCI-ClO” decomposition reaction.*’ For 
some purposes it is convenient to use hypochlorites in conjunction with 
soaps. In these cases a convenient solid solution is obtained by making an 
aqueous alkaline solution of the sodium salt of caprylic, caproic, capric or 
lauric acid of such concentration that the soap will separate on cooling the 
hot solution. The solution is saturated with chlorine when hot, and then 
allowed to solidify by cooling.**”*° 

Lithium hypochlorite is prepared by chlorination of lithium hydroxide 
solution. Using a saturated solution of the hydroxide, a solution containing 
about 10% of lithium hypochlorite is obtained. If the solution is evaporated 
until it contains about 25% lithium hypochlorite, a crystal crop containing 
about 50% lithium hypochlorite may be obtained. On drying the crystals, 26% 
of water remains, corresponding to the monohydrate, LiOCI,H,O.** Anhydrous 
lithium hypochlorite may be prepared by removing water from the monohydrate 
at temperatures in the range 20-60°, under a pressure of less than 0+1% of 
the vapour pressure at the temperature used.**”* ini: 

Treatment of an alkaline earth hypochlorite with lithium carbonate or 
sulphate gives lithium hypochlorite which is virtually chloride-free.™ ifta 
solution of the hydroxides of lithium, sodium and potassium is chlorinated, 
the quantity of lithium chloride produced, (relative to the hypochlorite), is 
reduced by the presence of sodium and potassium hydroxides. From the 
resulting solution, sodium and potassium chlorides can be removed by evapora- 
tion and crystallization.*¥* Lithium hypochlorite is a useful bleaching 
agent, and has high stability;* it was found to lose 2% of its available 
chlorine in 53 days, under conditions in which sodium hypochlorite lost 307% 
of available chlorine in 40 days.”” The use of tert.-butyl alcohol in the 
purification of lithium hypochlorite monohydrate has been described. 

Sodium hypochlorite is formed when a concentrated aqueous solut ion of 
- sodium hydroxide is shaken with a solution of chlorine monoxide in carbon 
tetrachloride. The crystalline product, (approximating to NaOCl, 2+5H,9), 1s 
rather unstable and loses oxygen on standing, though the decomposition of 
anhydrous sodium hypochlorite is not detectable for several weeks.” Potas- 
sium hypochlorite is prepared similarly; it 1s less stable than the sodium 
_ compound, and decomposes to give the orange oxide, K;03:- 


2KOCI + Cl,O > K,O, + 2Cl. 


Refs, p. 561 


558 CHLORINE 17 


Solid mixtures of sodium (or potassium) chloride and hypochlorite are obtained 
when a fine spray of the alkali hydroxide is treated with chlorine gas.** A 
stabilized preparation of sodium hypochlorite in solid form is formed by adding 
to the molten compound an anhydrous salt which is itself capable of forming 
a stable hydrate, such as sodium metaborate or trisodium phosphate.**° To 
maintain the necessary alkalinity in the preparation of sodium hypochlorite 
solutions by the reaction of chlorine with sodium hydroxide, the use ofa 
buffered solution is desirable. Sodium carbonate, phosphate, tetraborate and 
silicate are suitable buffering agents, and the end point of the reaction can be 
determined by the use of suitable indicators.” The colour change in p- 
nitrophenol from yellow-green to yellow is found to correspond with the best 


yield of sodium hypochlorite.*° Sodium hypochlorite solutions free from ] 


Caustic soda may be prepared by the chlorination of sodium carbonate solu- 


tions. In one method, the chlorine is bubbled through a suspension of sodium — 


carbonate in its saturated solution until almost all the carbonate is converted 
to bicarbonate. *9** 
very unstable solutions result from the chlorination of sodium bicarbonate 
solutions. The reaction then is:- 


NaHCO, + Cl, — NaCl COm OG, 


and proceeds without the formation of sodium hypochlorite.*’ 

A solution of sodium hypochlorite suitable for medicinal purposes is pre- 
pared by adding calcium hypochlorite to a hot aqueous solution of sodium 
carbonate and filtering the solution.** It is also claimed that conditions 
suitable for the preparation of stable, concentrated sodium hypochlorite solu- 
tions are obtained if sodium hydroxide is treated with chlorine in the presence 
of salts of metals which give amphoteric hydroxides, such as aluminium 
chloride. Aluminium hydroxide separates from the solution; it helps to 
prevent overchlorination, and is readily removed by filtration.® The use of 
sodium aluminate or sodium zincate as a stabilizing agent has therefore been 
suggested also.** The stabilization of hypochlorite solutions has already 
been discussed (see page 551); for sodium hypochlorite the necessity of 
maintaining an alkaline solution was one of the earliest observations.* 
Small quantities of metal salts likely to catalyze decomposition may be pre- 
cipitated by giving the hypochlorite a preliminary treatment with alcohol or 
acetone.*° The influence of sodium hydroxide on the stability of sodium 
hypochlorite solutions (prepared by chlorination of sodium carbonate) is 
illustrated by an experiment in which a solution containing 100 g./litre of 
sodium carbonate was treated with chlorine. Stable solutions having chlorine 


It is important that this stage should not be passed, since ~ 


contents up to 20 g. of chlorine per litre were obtained. With this extent of — 


chlorination the free alkalinity was equivalent to not less than 4 g. per litre 
of sodium hydroxide. When the chlorine content was increased to 22 g. per 
litre the alkalinity fell to 0-18 g. sodium hydroxide per litre, and the solution 
then lost 50% of its chlorine within 24 hours.*’ 

The existence of ammonium hypochlorite is doubtful; formation of mono- 
chloroamine by the reaction of ammonium salts with hypochlorites has been 
referred to (see page 550). When ammonia is added to a solution of sodium 
hypochlorite, the characteristic hypochlorite reaction with aniline fails when 
the NH;: NaOCl ratio reaches 1: 1.** 

Magnesium hypochlorite is prepared from calcium hypochlorite and mag- 
nesium chloride. Concentrated aqueous solutions of the two salts are mixedm 
and allowed to stand for ten hours. The precipitated magnesium hypochlorite 
is filtered off and dried rapidly in a vacuum.*%** The action of chlorine on 
an aqueous suspension of magnesium oxide or hydroxide produces a basic 
hypochlorite which is fairly stable in the solid state.*”**® 

Chlorination of a suspension of calcium hydroxide in water at 15-45° 
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produces the following compounds: Ca(OCl),,2Ca(OH),; 3Ca(OC1),,2Ca(OH),, 
2H,0; and Ca(OCl),,3H,0.*%°° A practical difficulty in the preparation of 
calcium hypochlorite results from the fact that under these conditions it is 
usually precipitated in microcrystalline form. The hypochlorite may be formed 
at the expense of the basic hypochlorites, as follows. A suspension of 
calcium hydroxide is chlorinated at a rate per minute equal to 1~2% of the 
quantity of chlorine required for complete chlorination, and at a temperature of 
15°. The calcium chloride content of the solution is kept constant, (30-= 
35%), by continuous addition of calcium hydroxide. The mixture is then 
seeded with crystals of the pure compound,: Ca(OCl),,3H,O, and an easily 
filterable product of this composition is obtained.*** If basic calcium hypo- 
chlorites are produced in this process, they may be converted to the neutral 
hypochlorite by filtration from the mother liquor (or precipitated from the 
mother liquor by the addition of more lime); the basic salts are then sus- 
pended in water and submitted to further chlorination.**°* These conditions 
produce neutral calcium hypochlorite in the form of easily filterable, tetra- 
gonal plates.** The chlorination process can also be carried out using lime 
and liquid chlorine.*° Calcium hypochlorite crystals may be dried and 
dehydrated in a current of dry air at a temperature of 140-150°.°*°° The two 
basic hypochlorites Ca(OCl),,Ca(OH), and Ca(OCl),,2Ca(OH), are prepared by 
heating a clear solution of bleaching powder with added calcium hydroxide. 
The solution is evaporated at 40° until the basic hypochlorites separate. The 
monobasic salt is obtained when the solution contains not less than 10% of 
available chlorine, and the dibasic salt when the available chlorine falls to 
6-5%. The crystals may be dried at 115° at atmospheric pressure, or at 80° 
in a vacuum.*” Dibasic calcium hypochlorite is not readily filtered, but the 
particle size may be increased by adding, to a suspension of the compound in 
water, calcium hydroxide and hypochlorite ions in approximately the propor- 
tions required by the dibasic salt. The crystals are thus allowed to grow, 
without change in composition, at a temperature of 25~40°, and are then more 
readily filtered.°* Hemibasic calcium hypochlorite, Ca(OCl),,0*5Ca(OH),, is 
formed by mixing together appropriate quantities of the compounds Ca(OCl), 
and Ca(OCl),,2Ca(OH), in solution. If the temperature is maintained within 
the range 40~80°, the hemibasic salt is slowly precipitated.°*°° Processes 
whereby calcium hypochlorite may be crushed and finely ground (or granulated) 
with minimum formation of dust, have been described.°*°* 

The advantages which the true hypochlorite of calcium has over bleaching 
powder (see page 563) arise partly from the fact that it is free from calcium 
chloride, which promotes decomposition. Contamination by calcium chloride 
is minimized during chlorination of lime suspension by careful control of tem- 
perature and concentration, so that the hypochlorite precipitates under optimum 
conditions for the solubility of calcium chloride.*’ In solutions which con- 
tain calcium hypochlorite and chloride, the latter may be removed by the 
addition of an equivalent amount of an alkali metal salt (for example sodium 
carbonate or sulphate) which will produce an insoluble calcium salt. This is 
filtered off, and the solution evaporated, when calcium hypochlorite, free 
from alkali or calcium chloride, separates.°°”* By adding calcium hydroxide 
to a solution of calcium hypochlorite and calcium chloride at about AUr sik ase 
possible to precipitate a basic hypochlorite largely free from chloride.” 
Various other processes, including the addition of sodium hypochlorite or 
sodium hydroxide, have been suggested to remove calcium chloride, or to 
diminish its effects.””° 

The solubility of calcium hypochlorite passes through a minimum at about 
0°C. In pure water the solubility is 22+7, 2165 and 225% at -10°, 0° and 18° 
respectively. The temperature-solubility curve retains the same form on 
addition of calcium chloride, with a minimum near 0° for all concentrations of 
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calcium chloride, but the solubility is much reduced in the presence of this — 


salt.”’ 


A triple salt having the formula Ca(OCl),,NaOCl,NaCl,12H,O is prepared _ 


by crystallizing asolution containing appropriate amounts of the ions involved, 
at a temperature below 16°."°** The salt is unstable at higher temperatures, 
but is converted into a stable mixture of calcium hypochlorite and sodium 


chloride by treatment with calcium chloride solution at 26°. The triple salt, © 
which may be used for bleaching purposes, is also formed on chlorinating a_ 
solution of sodium and calcium hydroxides (in the ratio 2:1) in a saturated © 


sodium chloride solution.” Barium, strontium and calcium hypochlorites are 
prepared by shaking an aqueous suspension of the corresponding hydroxide 


with a solution of chlorine monoxide in carbon tetrachloride; evaporation of 


the neutral solutions in a vacuum at 40 = 45° gives the monohydrates.* 


The hypochlorites of the transition metals have been little studied. — 


Impure silver hypochlorite is obtained by shaking silver oxide with a con- 
centrated solution of sodium hypochlorite at 70~80°,%* and zinc hypochlorite 
by chlorinating an aqueous suspension of zinc oxide.*” 


Esters of Hypochlorous Acid. 

Brief reference has already been made to the use of these esters in 
separating hypochlorites from other salts. They may be prepared by passing 
chlorine monoxide into alcohol,** or by reaction of a concentrated aqueous 
solution of hypochlorous acid with alcohol.** The tertiary compounds (e.g. 
tert.-butyl hypochlorite) are conveniently prepared by adding the corresponding 
alcohol to concentrated sodium hydroxide solution, and diluting with water 


until a homogeneous solution is obtained. The liquid is cooled with ice-water, — 


light is excluded, and chlorine passed in. The hypochlorite separates on the 
surface and may be dried with calcium carbide.** A solution of ethyl hypo- 


chlorite may be prepared by first chlorinating water containing 20 g./litre of 


suspended chalk, and then filtering the solution and shaking it with carbon 


tetrachloride containing 2% of ethyl alcohol.®** The alkyl hypochlorites are © 
mobile, yellow, volatile liquids, with an irritating odour. The vapours attack © 


the eyes and mucous membranes. The boiling points are: methyl hypochlorite, 


12°/726 mm.;°* ethyl hypochlorite, 36°/752 mm.;°* tert.-butyl hypochlorite, — 


79:6°/750 mm.;** tert.<amyl hypochlorite, 76°/752 mm., (boiling with much 
decomposition).°* The two latter hypochlorites have densities d}° 0:9583 and 
d° 0°8547 respectively.°* The stability of these esters varies widely with 
the nature of the alkyl group; sec.-alkyl hypochlorites are the least stable, 
iso» and normal primary alkyl hypochlorites are more stable, and the tertiary 
alkyl compounds have a high stability.** The primary and secondary alkyl 


hypochlorites decompose explosively when exposed to light, and rapidly even — 


when light is excluded, the aldehyde or ketone being formed:- 


R.CH,OCI — R.CHO + HCl 
R,CHOC! — R,:CO + HCl. 


Some carboxylic acids and their esters are also among the decomposition 
products. Decomposition is not quite so ready in the complete absence of 
hydrogen chloride.*° With the tertiary alkyl hypochlorites, elimination of 
hydrogen chloride cannot occur, and this no doubt accounts for their stability. 


In strong sunlight, or on heating, decomposition occurs and an alkyl chloride 


is produced:-"* 
R,C.OCh > RIC = Oe RCL, 


The esters are strong oxidizing and chlorinating agents. Like the free acid, 
they react with olefinic compounds, forming the chlorohydrin by addition 
across the double bond.*”** 

The principles governing electrolytic processes for the production of metal 
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hypochlorites have been discussed fully in Mellor,II,276. 


561 


Later work has 
been concerned with operating procedure,**®* construction of cells, 


96-101 and 


the influence of electrode potentials;*°7*** developments are largely technical, 


and need not be discussed in detail here. 
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BLEACHING POWDER 


Because of the widespread use of bleaching powder, the study of its 
chemistry has continued. Many of the general features which control its 
quality were discussed in the original treatise (Mellor,II,258), but some must 
be mentioned again since additional evidence is now available. The structure 
of bleaching powder, which remained a problem for so long, is now known. 
The main method of preparation, by passing chlorine over slaked lime, has 
been modified throughout the years to enhance the available chlorine content 
and the stability. The original method involved stacking the lime on shelves, 
and raking at intervals to expose a fresh surface to the chlorine; this was — 
modified by passing chlorine up a vertical tower, while the slaked lime was 
moved from shelf to shelf down the tower by mechanical scrapers. Since more 
heat was evolved at the top of the tower, where fresh lime was exposed, it was 
necessary to arrange the cooling system accordingly.” If the temperature 
rose above 50°, an appreciable amount of calcium chlorate was formed, and | 
35=40° was a usual working temperature.* Laboratory scale experiments 
showed that the physical properties of the bleaching powder varied with the 
temperature of formation; below 55° the powder was finely crystalline, and 
readily wetted by water, but when chlorinated above this temperature. the 
product was not readily wetted.** Adequate stirring is of the greatest importance 
The following analysis of upper and lower layers of unstirred product indicate 
the possible degree of heterogeneity.* 


Free Calcium Available Chlorine as 


Oxide Chlorine Chloride - Bieta 
Upper layer 10-12% 35-07% 2:07% 15+56% 
Lower layer 26°65 30-69 1-31 10-01 


When there is insufficient stirring during preparation, heat is evolved by 
the bleaching powder after packing as a result of interaction between particles 
of different composition.* More uniform composition is now obtained by 
allowing the lime to move, with a countercurrent of chlorine, along a rotating 
and nearly horizontal cylinder,” or in a vertical tower by means of a rotating 
screw,”? or by projecting a shower of powdered lime down a high tower, up 
which a rapid stream of chlorine is passing.*°*? Adequate heat control is 
possible by standardizing working conditions and the processes are con- 
tinuous. The heat evolved in chlorination, which varies somewhat with the 
quality and water content of the lime, has been determined by passing chlorine 
over slaked lime in a vacuum-jacketed calorimeter. Using pure slaked lime 
having a 4% excess of water, and chlorinating to the extent of 40%, the heat 
evolved corresponded to 237-247 g.-cal. per gram of chlorine absorbed. 
Chlorine showed no reaction with very carefully dried calcium hydroxide.*° 

The quantity of excess water present in the slaked lime is not of major 
importance in determining the quality of the product. In general, variation 
in the range 0-7% has no significant effect on the rate or the extent of 
chlorination, although 4% is regarded as the best value. As little as 0°5% of 
excess water may be used. Physical uniformity is important, since any free 
calcium oxide is slaked during chlorination, causing local overheating,*” and 
it is recommended that slaked lime be allowed to stand for some days to 
increase its homogeneity.* During chlorination however, large amounts of 
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water are formed, as is shown by the simplified equation:- 
Ca(OH), + Cl, — CaOCl, + H,0, 


and the realization that this water limits the degree of chlorination has led to 
the production of bleaching powder having a higher available chlorine content 
than was possible in the normal reaction. The water may be removed ina 
two-stage process. Chlorination is allowed to proceed nearly to completion, 
and water is then removed under vacuum; this is then followed by further 
chlorination, *9*57% 
first carried out at 20=25° under a pressure of 40-90 mm., when the product 


has 28-30% of available chlorine, and 40% of water. The second stage in — 


the chlorination is then carried out at 50=55° under a pressure of 30—50 mm., 
giving a product with 36°5% of available chlorine and 0+9% water.*® Up to 


40% of available chlorine may be obtained with this type of process.*’ In — 
other modifications the water is removed continuously, care being taken — 


however that only a small quantity of water is removed in the early stages of 
chlorination.”7”* Removal of water is usually effected by means of reduced 
pressure, but in some cases the heat of reaction is utilized, the water vapour 
being removed from the system by the stream of chlorine gas. 24,25 

Bleaching powder is well known to deteriorate on storage, and its stabili- 
zation has been the subject of much investigation.?” Decomposition rates 
are highly variable, as the following data show. In samples stored in wooden 


casks, the available chlorine was found to decrease at the rate of 0:046% per — 


day. Other samples stored at 45° lost 50% of their available chlorine in 


In a typical modification of this process, the reaction is © 


periods varying from 2=30 weeks.”° For samples stored in unheated condi- — 


tions the loss is greater in summer, being 144% per month compared with 
061% per month in winter; bleaching powder stored in the dark loses slightly 
less available chlorine than when stored in light.*° On deterioration, calcium 
chloride, calcium chlorate and oxygen are formed.””*? The influence of external 
conditions is well illustrated by accelerated decomposition at 80 ~-90°; when (a) 
stored as dry powder in a drum; (0) as dry powder in a closed bottle; (c) mixed 
with water; and (d) mixed with brine, the percentage losses of available chlorine 
were 58-8, 38¢1, 14+3 and 13+1% respectively. 

The stability of bleaching powder is influenced considerably by the 
presence of other compounds in admixture. The presence of water greatly 
accelerates decomposition, especially at higher temperatures.** The removal 
of the bulk of the water produced during chlorination has been already referred 
to; final drying may be achieved at 100° at atmospheric or reduced pressure,””*™* 
or by passing air or other gases at a higher temperature through the bleaching 
powder, the conditions being so arranged that the powder is in contact with 
the hot gas for a few seconds only. By observing these conditions, loss of 
available chlorine is negligible.**** The presence of carbonates, (e.g. sodium, 
potassium or calcium carbonate, sodium bicarbonate), can produce rapid 
deterioration, since these compounds serve as sources af carbon dioxide. ea 
It is therefore important that bleaching powder should be prepared from lime 
which has been fully calcined, otherwise the calcium carbonate remaining 
causes. decomposition. A sample of bleaching powder was prepared from 
lime calcined at 600°, and its available chlorine content fell from 34+6% to 
28% after 30 days storage. A suitable temperature for calcination of calcium 
carbonate is 900°. If much higher temperatures are used, reaction can occur 
between lime and the silica in the kiln; the ehistnarien of the resulting 
slaked lime is slower, and the bleaching powder inferior.*? Traces of free 


——— 
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metals (iron, magnesium, nickel, cobalt) catalyze the decomposition, sometimes © 
explosively. The accidental introduction of organic compounds is also 


dangerous.*? 


aluminium and magnesium oxides and silica have little effect.°* Addition of 
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calcium oxide increases stability by virtue of its ability to take up uncombined 
water, and this represents one of the most useful industrial methods of stabi- 
lizing bleaching powder. A large excess is usually used (up to 20% of the 
weight of bleaching powder) and such a product is able to withstand storage 
under tropical conditions.***? Caustic alkalis also increase stability; when 
lime is slaked with sodium hydroxide solution instead of water and then 
chlorinated, a high-quality product is obtained which may contain as much as 
60% available chlorine. The high proportion of hypochlorite results from the 
reaction:= 


Ca(OH), + 2NaOH + 2Cl, — Ca(OCl), + 2NaCl + H,0.°%*° 


Soda lime also increases stability, as does sodium sulphate; calcium sulphate 
and talc have little effect.***? The stability of bleaching powder is measured 
by first determining the available chlorine by the well-known sodium arsenite~ 
potassium iodide method. A sample is then well crushed, heated at 100° for 
two hours, and the available chlorine again determined. 

Bleaching powder in current production falls into four main grades, the 
first three of which are stabilized:- 


(a) Water sterilizing powder. Available chlorine 25%. Under 
test, the powder does not lose more than 2+5% of the ori- 
ginal available chlorine content. The uncombined lime 
(expressed as CaO) and water contents do not exceed 
about 87%. 

(b) Super-tropical bleaching powder. Available chlorine 30%. 
This grade is suitable for use in the tropics. Its stability 
is similar to that of (a). 

(c) Tropical bleaching powder. Available chlorine 34%. This 
grade is useful for gas decontamination in temperate cli- 
mates, and although its stability is lower than that of (0), 
it has an appreciable life under tropical conditions. Under 
test, its available chlorine content does not fall below 
about 28%. 

(d) Unstabilized bleaching powder. Available chlorine 357%. 
This grade is useful for general sanitation purposes, and 
it is appreciably lower in stability than grades (a), (0) and 
(Ayo? | 


A wide variety of products is manufactured in which the hypochlorite 
content is greater than that normally obtained in the chlorination of slaked 
lime. The name ‘bleaching powder’ was intended to apply only to products 
prepared by this method, but as it is sometimes used to cover the products 
enriched in hypochlorite, these will be briefly mentioned here. Inferior 
bleaching powder may be improved by direct addition of pure calcium hypo- 
chlorite.©°*? The chlorination of a calcium hydroxide suspension can give, 
under carefully controlled conditions, pure calcium hypochlorite. Under most 
conditions, however, basic salts are obtained containing a high proportion of 
hypochlorite, with available chlorine over 60%.535* This value can readily be 
increased to 80%, and the conditions which give increased available chlorine 
content are, of course, those which favour the formation of pure calcium hypo- 
chlorite. These crystalline products are more stable than normal bleaching 
powder, partly because of the low chloride content.°°°°** In some cases the 
aqueous mixture obtained by chlorinating milk of lime is used directly as a 
bleaching solution, without the isolation of a solid product.*° Ordinary 
bleaching powder may be enriched by adding water and crystallizing again. 
By this means the available chlorine has been increased to about 75%.°"”” 
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Hydrogen peroxide solutions have also been used for crystallization. A 
more stable form of bleaching powder can also be produced by chlorination of 
slaked lime suspended in carbon tetrachloride, and many modifications of this 
process have been described.°*”* The water formed in the reaction may be 
removed by one of two methods; (a) by removal of carbon tetrachloride under 
slightly reduced pressure, followed by removal of water at a higher temperature 
and under vacuum, or (b) the removal of water and carbon tetrachloride together, 
at atmospheric pressure, by azeotropic distillation. The quality of the 
product depends upon the particle size of the slaked lime; the fractional 
sedimentation of the product, suspended in carbon tetrachloride, showed the 
available chlorine contents of the largest and smallest particles to be 311% 
and 39+1% respectively.” 

The earliest investigations into the structure of bleaching powder showed 
it to contain calcium hypochlorite, calcium chloride, calcium hydroxide and 
water, but the exact manner in which these compounds were associated in 
bleaching powder remained an unsolved problem for many years. Early studies 
(Mellor, II,258—267) were largely concerned with the reasons for the non- 
deliquescence of bleaching powder, and the difficulty in carrying the chlorina- 
tion process beyond about 35% available chlorine. Chemical methods were 
employed, and the compound calcium chlorohypochlorite, Ca(OCl)Cl, featured 
prominently in the interpretation of results. Work of this nature continued 
until after 1930,7**° and although the structure was not elucidated, the pre- 
sence of calcium chlorohypochlorite was shown to be improbable.”? Many 
original methods of investigation were used; for instance, bleaching powder 
was shown to react with metallic mercury at low temperatures to form a com- 
pound which was probably Ca(OHgCl),. All the available chlorine disappears 
during this reaction, so that both available chlorine atoms are probably simi- 
larly combined, (as Ca(OCl),), in bleaching powder.*° Some very significant 
conclusions were reached from a study of the stable products formed in the 
systems, (a) CaCl,-CaOQ=H,0; (5) Ca(OCl),-CaCl,-H,O, and (c) CafOcl),= 
CaO-H,0."* In system (a), the only basic salt obtainable at 0°C. was 
CaCl,,3Ca(OH), (hydrated); in system (6), no compound of calcium hypo- 
chlorite and calcium chloride was obtained at 0°, and in system (c), the two 
basic hypochlorites, Ca(OCl1),,2Ca(OH), and Ca(OCl),,3Ca(OH),, were isolated. 
The results indicated that bleaching powder may well be a mixture of basic 
calcium hypochlorite with basic calcium chloride. The structure was finally 
established in 1935, when the application of the methods of X-ray diffraction 
resulted in a complete understanding of the products of reaction and the 
resultant equilibria.°¥** On the basis of phase equilibria measurements, 
samples of all stable products formed from the system CaO =-CaCl,=-Ca(OCl),= 
H,O between 25° and 40° were isolated, and their X-ray and refractometric 
characteristics determined; the products formed during chlorination of slaked 
lime were then identified by these methods. The first products of chlorin- 
ation are a basic hypochlorite, Ca(OCl),,2Ca(OH),, and a basic chloride, 
CaCl,,Ca(OH),,H,O. On further chlorination, the chlorine is taken up by the 
basic hypochlorite; this is thereby converted into a mixed crystal, the chief 
constituent of which is calcium hypochlorite. During this second stage the 
basic chloride is unchanged, and ordinary bleaching powder is a mixture of the 
basic chloride with the mixed crystal -hypochlorite. The stability of this 
basic chloride is responsible for the non-deliquescent nature of bleaching 
powder, and for the resistance of the powder to further chlorination beyond 
35%. When such further chlorination is achieved, the hypochlorite mixed 
crystal persists, but the basic chloride is partly converted to tetrahydrated 
calcium chloride. Crystallographic examination of the compound Ca(OCl),, 
2Ca(OH), (hexagonal) gave the unit cell dimensions as a, = 6+305 A., ¢,= 
6-535 A. For tetragonal Ca(OCl),,3H,O, a, = 12:04 A., cy = 865 A.; there 
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are eight molecules in the unit cell.** In early optical work on bleaching 
powder, some of the crystals were found to exhibit double refraction when the 
powder was moistened with tetrachloroethane, and this property varied with 
the composition of the bleaching powder.” It is now known that birefringence 
is a useful index of the hypochlorite content of the powder, since hypochlorite 
is the only strongly birefringent group present.** 

The chemical properties of bleaching powder are those of a mixture of 
calcium hypochlorite, chloride and hydroxide. Three reactions are important 
in thermal decomposition:-** 


(1) Ca(OCl), — CaCl, + O, 
(2) 3Ca(OCl), — Ca(ClO;), + 2CaCl, 
(3) Ca(OCl), + CaCl, —.2CaO + 2Cl.,. 


If the bleaching powder contains a large quantity of water, (ca. 18%), 
reactions (2) and (3) predominate. As the water content is decreased, reaction 
(1) prevails, and the decomposition becomes explosive at 150°.°° It provides 
a cheap and simple means for the production of oxygen on a small scale in 
industries where calcium hydroxide is a by-product.*® Numerous examples of 
bleaching powder explosions have been recorded. Traces of iron and man- 
ganese oxides which occur in the limestones used as the source of lime have 
a catalytic effect on explosion, and the calcium chlorate present contributes to 
the explosion risk.*” The smell of chlorine associated with bleaching powder 
is due to carbon dioxide in the atmosphere:- 


GalOGl), + CaCl, +2G0, > 2CaCO,+ 2Cl.. 


The reaction is accelerated by increase in temperature and water content,” 
and may be used to free chlorine gas from carbon dioxide present as an im- 
purity.°* Large quantities of bleaching powder were manufactured in wartime 
for use as a decontaminant for vesicant war gases, particularly mustard gas; 
the latter is oxidized to dichlorodiethyl sulphoxide and sulphone. The reaction 
is strongly exothermic, and the mixture may take fire, but the vigour with 
which reaction occurs varies with the water content of the bleaching powder. 
Some fresh dry samples of bleaching powder have been found to give no 
apparent reaction when mixed with mustard gas, but to inflame when a few 
drops of water were added to the mixture.” 
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CHLOROUS ACID AND THE CHLORITES 


Chlorous acid is the least stable of the oxyacids of chlorine, and is known 
only in solution. Methods for the preparation of chlorous acid and its salts, 
e.g. by the reaction of chlorine dioxide with alkaline solutions, by treatment 
of sodium peroxide or hydrogen peroxide with chlorine dioxide, or by reaction 
between metal chlorites and mineral acids, were discussed in the original 
Treatise (Mellor, II,281-~282), as was the decomposition of chlorous acid. A 
number of reactions in which chlorous acid and the chlorites are produced or 
involved have necessarily been discussed elsewhere (see page 522 et seq.). 
The chlorites of many metals have been prepared, usually by simple meta- 
thesis (often by reaction between a solution of the metal sulphate and barium 
chlorite); to avoid duplication, any particular features connected with the 
preparation of metal chlorites will be mentioned below when their properties 
are discussed. The chlorites of the alkali and alkaline earth metals, however, 
are especially important because of their industrial usage, and a number of 
methods for their large scale preparation has been developed. 

The reaction of chlorine dioxide with aqueous alkali produces chlorate as 
well as chlorite:- 


2ClO, + 20H” > H,O + ClO, + ClO}. 


The formation of chlorate may be minimized by adding reducing agents to the 
alkali. For example, in the presence of sulphur or sodium sulphite, a high 
yield of sodium chlorite is obtained.! Alternatively, carbonaceous reducing 
agents may be used, such as animal charcoal, sugar,’ coke, wood, sawdust, 
paper pulp,” or activated carbon."" Nitrogen compounds have also been used; 
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the addition of ammonia, or one of a range of compounds containing the =NH, 
or -CN group, enables chlorine dioxide to be converted completely to chlorites 
of high purity.° Suitable reducing conditions are obtained if an aqueous 
solution of chlorine dioxide is treated with sodium amalgam, (Na < 0+1%); 
sodium chlorite is formed, with negligible amounts of sodium chlorate and 
mercuric oxide. Since the mercury cathode of an alkali chloride electrolytic 
cell can serve as the amalgam, this process is clearly capable of large-scale 
application.°” The cation of a metal of variable valency, in its lowest 
valency state, also serves as a reducing agent. The lower oxides, hydroxides, 
or salts of manganese, copper, lead, cerium and iron have been found efficient 
for this purpose: compounds of bivalent nickel, cobalt or tin, and mercurous 
compounds, are less efficient. The metal compound in its higher valency 
state may be reduced for re-use.° A study of the electrochemical and thermo- 
dynamic equilibria involved in the reduction of chlorine dioxide to chlorite ion 
indicated that lead oxide was likely to be one of the most suitable reducing 
agents.” Even when they are not the operative reducing agents, small quanti- 
ties of these metal salts are found to catalyze the formation of chlorite. For 
example, in a reaction using sodium formate as reducing agent, a given 
quantity of chlorine dioxide was not fully reduced after 3 hours, but in the 
presence of a few mg. of silver nitrate the same reaction was complete within 
30 minutes. The free metals silver, nickel, manganese, copper, cobalt, iron, 
mercury and gold, and their compounds, all possess this catalytic activity.**° 
Reduction by nascent hydrogen has also been employed; chlorine dioxide is 
passed into a solution and allowed to bubble over a cathode at which hydrogen 
is being evolved: the formation of chloric acid is much reduced, and the 
unstable chlorous acid immediately reacts with alkali to give the more stable 
chlorite.** There are few references to other methods of chlorite preparation. 
Alkali metal chlorites, free from chlorates, are produced in the laboratory by 
reaction beteen chlorine dioxide and the corresponding metal peroxide, e.g:- 


2C1O, + Na,O, > 2NaClO, + O.. 


On a large scale it is convenient to absorb the chlorine dioxide in an aqueous 
solution containing hydrogen peroxide and the alkali metal bicarbonate, 
preferably at about 25°.*? Because of the large differences in solubility be- 
tween chlorites and other related salts, fractional crystallization provides a 
useful means of purifying metal chlorites.***” When chlorine dioxide reacts 
with a solution of equivalent amounts of sodium and potassium hydroxides, 
the chlorate is readily crystallized from the solution as the relatively in- 
soluble potassium chlorate. From the mother liquor the trihydrated chlorite, 
NaClO,,3H,0, may then be obtained by further evaporation. To prepare 
anhydrous sodium chlorite, the trihydrate is made into a slurry with water at 
38° and the solution, saturated at this temperature, is separated and cooled to 
25°, when the anhydrous salt crystallizes.** 


Properties. 

Chlorous acid is a fairly strong acid, and addition of hydrochloric acid to 
solutions of sodium chlorite gives approximately the pH obtained when the 
same quantity of hydrochloric acid is added to water. The ionization constant 
has been determined by titration methods, e.g. by following, with a glass 
electrode, the pH change as a solution of barium chlorite is treated with 
dilute sulphuric acid; reported values of K,, are’? 4-9 x 10°* and 1-10 x 1077. 
The free energy of ionization is 3151 g.-cal.*® The heat of formation (AH...) 
and free energy (AF,,,) of the ClO, ion are -17-18 and 2-90 kg.-cal., res- 
pectively. Corresponding values for the acid HCIO, are -13°68 and 0-23 
kg.-cal. The heat of reduction of the chlorite ion by the iodide ion has also 
been measured. 
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_ For the reaction:- 
Zio ClO le + 2140), 


AF xo, = ~159+12 kg.-cal.” 

Because of its use as a bleaching agent, the stability of sodium 
chlorite has been studied carefully, both in the solid state and in solution. 
The anhydrous salt is not hygroscopic, and samples have been kept for ten 
years with only slight loss. Heating for 30 minutes at 150° causes no ex- 
plosion. The thermal decomposition of the solid produces no chlorine di- 
oxide:- 


21,22 


3NaClO,.— 2NaClO, + NaCl; 


the decomposition temperature varies with moisture content, being 202° with 
367% of water and 177° with 10-7% of water.7"*”_ The mode of decomposition of 
aqueous solutions is profoundly influenced by the pH of the solution. In 
alkaline solution sodium chlorite is stable in the absence of light, and the 
very slow decomposition that occurs on boiling is probably in accord with the 
above equation. However, for pH values less than 7, the rate of decomposition 
increases considerably with decrease in pH. This is illustrated in Table XVI. 
The decomposition is usually written:- 


4HCIO, > 2ClO, + HClO; + HC! + H,0. 


This involves a chlorine dioxide/chloric acid ratio of 2:1. Table XVI shows 
that this equation does not fully represent the decomposition, since this ratio 
is consistently higher than 2. Decomposition is very slow at pH values above 
4.6. The results in Table XVII give a measure of the rate of decomposition of 
sodium chlorite solutions at pH 4, and the variation of this rate with concen- 
tration.24 The decomposition of sodium chlorite in neutral solution can be 


TABLE XVI.- INFLUENCE OF pH ON THE DECOMPOSITION OF' 
0:25 MOLAR SODIUM CHLORITE SOLUTIONS AT 60° 


| Naclo, decomposed after | Ratio ClO,/Naclo,; 
30 minutes (molar) in products 


TABLE XVII.- INFLUENCE OF CONCENTRATION ON THE DECOMPOSITION 
OF SODIUM CHLORITE SOLUTIONS AT pH = 4 


Temperature 


Initial NaClO, concn. 
(molar) 

Naclo, (molar) decomp. 
in 30 minutes 

% decomposition 


accelerated by metallic catalysts; in the presence of palladium the chlorite 
decomposes to give chlorate and chloride, but no chlorine dioxide, and the 
decomposition rate increases with increase in temperature and quantity of 
catalyst. The passage of hydrogen through the solution has no influence on 
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the decomposition. Platinum, gold and nickel have similar catalytic pro- 
perties, but copper is less efficient.”* 

The reactions of chlorites are considerably modified in the presence of 
chlorine or hypochlorites. The action of chlorine on sodium chlorite is a 
preparative method for chlorine dioxide (see page 522). With sodium hypo- 
chlorite, the products are sodium chlorate and chlorine dioxide, in a ratio 
depending on the pH of the solution. Thus at pH = 2, chlorine dioxide is 
liberated with no evidence of chlorate formation, while in alkaline solutions 
chlorate is formed exclusively:- 


NaCloO, + NaClO — NaclO, + NaCl. 


On mixing sodium chlorite and hypochlorite solutions at pH values of about 
5-6, the initial reaction is:- 


HClO, + HC1O — 2ClO0, + HCl + H,O. 


On standing, the chlorine dioxide can react further with excess hypochlorous 
acid: 


2ClO, + HOC] + H,O — 2HCIO,; + HCl. 


The rate of this reaction varies with pH, and is increased at high temperatures 
and pressures. In view of these successive reactions, the relative amounts 
of chlorate and chlorine dioxide produced depend also on the chlorite : hypo- 
chlorite ratio of the reactants. When this ratio is 2:1, chlorine dioxide 
predominates, since excess hypochlorous acid is not available for chlorate 
formation. On increasing the ratio beyond 1:1, immediate chlorate formation 
occurs and the quantity of chlorine dioxide decreases, while with a ratio of 
1:4 the chlorine dioxide is completely converted to chlorate within 30 minutes 
at room temperature.” 

The action of certain reducing agents, such as aldehydes, on sodium 
chlorite yields chlorine dioxide; this has already been discussed. With 
iodides, iodine is first liberated, and since chlorites are able to oxidize 
iodine to iodate ion, the reaction is:- 


3HCIO, +:2F —.210,° + 3HCl. 


This reaction forms the basis of the analytical determination of chlorites™ 
(see page 672). The solutions may be standardized by adding acetic acid and 
excess of potassium iodide, and titrating the liberated iodine. The solution 
is buffered to a pH of between 5+3 and 5-7. If the pH is below 5-2, some loss 
by chlorine dioxide evolution occurs. At pH values above 6:0, the reaction is 
too slow to be of value. Standard sodium chlorite solutions may be used in 
the volumetric determination of sulphur dioxide and sulphites.*»** Solid 
sodium chlorite and sulphur will ignite if mixed together and moistened, and 
vulcanized rubber contains enough sulphur to cause obvious reaction on 
contact with moist sodium chlorite.** Oxidizing agents, if sufficiently strong, 
will oxidize chlorite to chlorate. In neutral solution, oxidation by potassium 
permanganate proceeds according to the equation:- | 


3C10,." + 2Mn0O,” + H,O — 3Cl10O,° + 2MnO, + 20H”. 


The reaction stops when an appreciable amount of alkali has been produced, 
indicating that it is probably the acid HCIlO,, rather than the ion ClOy, which 
undergoes oxidation. In the presence of a calcium, magnesium or zinc salt, 
which is able to neutralize the alkali or precipitate it from the solution, the 
reaction proceeds to completion.*” The oxidation and reduction of chlorites 
in electrolytic cells has been studied by determining the e.m.f. of a number of 
cells in which potassium or calcium chlorite was one of the electrolytes. 
Many variations in the second electrolyte were tried, and numerous voltage 
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changes have been recorded.?®9 

~ The chlorites of the alkali metals are obtained in pure form by reaction of 
the corresponding sulphate with barium chlorite. When saturated solutions of 
sodium sulphate and barium chlorite are mixed and concentrated in a vacuum 
at 10~15°, the trihydrate, NaClO,,3H,O, separates out as lustrous plates 
which are strongly birefringent and explode on percussion.*° The crystals are 
triclinic, with a:b:c = 0.4041: 1:0+6353, and a= 10343-5', B = 119°3' and 
y = 81°46.5’.** The chlorites of potassium, rubidium and caesium are biaxial, 
and not isomorphous with the ammonium salt; the potassium and rubidium 
chlorite crystals are alike, but differ from the caesium salt.*?. Lithium chlorite 
is prepared by a similar method, and gives crystals which are highly deli- 
quescent. Unlike sodium chlorite, the lithium salt is not precipitated from 
aqueous solution by the addition of alcohol or ether.*° 

When ammonium sulphate and barium chlorite in equivalent amounts react 

in concentrated solution at 15= 20° the filtrate on evaporation in a vacuum gives 
ammonium chlorite as long transparent needles?* The salt is tetragonal, with 
axial ratio 1:0+420, and a= 8-95 A. There are 4 molecules in the unit cell, and 
the positions of the NH, group and Cl and O atoms have been defined. The 
calculated density is 1:90.** Sulphur dioxide reduces ammonium chlorite to 
the chloride. The same method of preparation applied to mono-, dis and tri- 
methylammonium sulphates gave solutions of the corresponding chlorites 
which were very unstable, the stability decreasing with degree of substitution, 
and they could not be crystallized. However, tetramethylammonium chlorite 
can be separated as colourless crystals by this method. The salt is deli- 
guescent, has a neutral reaction in aqueous solution and, unlike ammonium 
chlorite, explodes on percussion.** Hydrazine chlorite has been prepared by 
suspending a known amount of hydrazine sulphate in a little water, and adding 
0-5 equivalents of barium hydroxide. Barium chlorite (0:5 equivalent) is then 
added slowly at 0-2°. After rapid filtration, the solution is poured into 
alcohol at ~10°, when crystals of hydrazine chlorite (N,H,,HCI1O,) separate. 
The salt is spontaneously inflammable when dry. Attempts to isolate the 
dichlorite, N,H.,,(HCIO,),, as a solid were not successful. The stability of 
solutions of hydrazine chlorite is influenced by pH. Thus if a solution con- 
taining hydrazine hydrochloride and sodium chlorite is boiled, the reaction:- 


N,H,Cla + 2NaClO, > N, + NaCl + 2H,O + 2HCl 


is quantitative, whereas if pure hydrazine hydrate is used, no nitrogen is 
evolved.** Decomposition of solutions containing hydroxylamine and chlorites 
is much more vigorous and prevents isolation of hydroxylamine chlorite. In 
neutral solution the reaction is: 


NH,OH,HCI + NaClO, > NaCl + “Cl, + NO + 2H,0, 
but with excess of the hydroxylamine salt nitrous oxide is a reaction product:- 
2NH,OH,HCI + NaClO, > NaCl + N,0 + 3H,0 + AS Gl oy 


Despite an earlier failure to prepare magnesium chlorite by reaction of 
magnesium sulphate with barium chlorite,*® the compound may be obtained by 
this method if the solution is allowed to evaporate slowly in air over several 
days, when the hydrate Mg(ClO,),,6H,O separates.*' The crystals are tetra 
gonal; a = 10-29 A., and c = 10°55 A. The experimental and calculated 
density values are 1-619 and 1-593.°° The preparation of calcium chlorite 
from barium chlorite and calcium sulphate is not practicable because of the 
low solubility of the latter. The salt is readily prepared, however, by a 
number of the methods mentioned earlier. Pure samples may be prepared by 
treating a calcium peroxide suspension with chlorine dioxide. From this 
solution calcium chlorite may be crystallized by evaporating in a vacuum over 
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potassium hydroxide, or precipitated by adding alcohol or ether. Strontium 
chlorite is prepared similarly.*° Calcium chlorite shows double refraction; 
the crystals are pseudocubic with two molecules in the unit cell, and a= 
5*8 A. 

Thallium and lead each form a chlorite. The thallium compound is not 
very stable;*° the lead compound is more stable, and in contrast to the alkali 
- and alkaline earth chlorites, has a low solubility in water (0-035 g. per 100 g. 
of solution at 0°). It has detonator properties, but its behaviour is somewhat 
unpredictable. The crystals are pseudotetragonal; a:c = 1:1:51 and a = 
4-14 A. The unit cell contains one molecule, and the observed and calculated 
densities are 5-10 and 5-30 respectively.** Lead chlorite forms double salts 
with lead chloride and lead bromide, Pb(C1O,),,PbCl, and Pb(C1O,),,PbBr,, but 
the corresponding iodide could not be prepared. The double salts are more 
soluble than either component. X-Ray analysis showed that the compounds © 
PbCl,,2Pb(ClO,), and PbO,4PbCI1,,6Pb(Cl1O,),, previously believed to exist, 
are not in fact formed, and are merely the double salt with excess of chlorite 
or chloride.*’ 

Little is known of the chlorites of the elements in the early Transition 
groups. From a solution of erbium sulphate, treated with barium chlorite and 
a little barium hydroxide, pale red erbium chlorite, Er(ClO,),,4H,O, can be 
separated by adding alcohol.** Nickel chlorite is obtained with difficulty by 
fractional crystallization at low temperatures of a nickel sulphate=-barium 
chlorite filtrate. Early fractions contain basic nickel chlorite, but the hydrate 
Ni(ClO,).,2H,O is ultimately obtained. The salt does not explode easily on 
percussion, but explodes when heated to 100% The difficulty of preparation 
is the result of its high solubility in water and of the readiness with which its 
solutions deposit higher oxides of nickel.** The formation and properties of 
cupric chlorite resemble those of the nickel salt. When molar solutions of 
copper, sulphate and barium chlorite were mixed, filtered and put aside for 24 
hours, about one third of the copper present separated as a basic chlorite.* 
On treating the filtrate with excess of alcohol, the simple salt Cu(ClO,), was 
precipitated as a yellow-brown solid which decomposed in the dry state within 
12 days, and exploded violently on percussion. Reaction of a copper sulphate 
solution with an equivalent amount of sodium chlorite gave a basic cupric 
chlorite, Cu(ClO,),,3Cu(OH),. By mixing solutions of the constituents con- 
cerned, a number of double salts of copper have been prepared, viz. potassium 
cupric chlorite, Cu(ClO,),,2KCIO,,2H,0, cupric chloride potassium chlorite, 
CuCl,,KC1O,, and the corresponding rubidium, caesium and ammonium com- 
pounds.*® The double salts 2Cu(ClO,),,Mg(ClO,),,8H,0 (brown crystals, 
yellow by transmitted light), Cu(ClO,),,Ba(ClO,).,4H,O (yellow crystals with 
green fluorescence), and Cu(ClO,),,TICIO,,2H,O (red-brown powder) are also 
known. These double salts are usually more stable than cupric chlorite.** 
Silver chlorite was one of the first heavy metal chlorites to be isolated and, 
like lead chlorite, it has a low solubility in water, (0°17 g. per 100 g. of 
solution at 0°; compare barium chlorite 30-5 g.). The salt forms pseudotetra- 
gonal crystals, a:c = 1:0+55, and a@ = 12+17 A.; the unit cell contains 16 
molecules. The measured density is 4:30.*7 Some thermodynamic constants 
for silver chlorite are now known. The heat capacity was measured from 15° 
to 300°K., and the entropy calculated as 32:16 + 0-2 g.-cal./degree/mol. at 
298°1°K. From solubility measurements the thermodynamic equilibrium con- 
stant was determined, and thence the free energy of solution calculated as 
4380 + 100 g.-cal. /mol. at 2981°K, ‘The heat of solution at 25°C. is 72004 
100 g.-cal./mol., and AS = 9:5 + 0+5 g.-cal./degree/mol. at 25°C. The entropy 
of the chlorite ion is 24-1 + 0+5 g.-cal./degree/mol. at 25°.%° 

Cadmium chlorite, Cd(C10,)2,2H20, is monoclinic, pseudocubic, with 
a:b:¢ = 16245:1: 1+371, B = 90°18" and be 7-12 A.*? Both the cadmium salt 
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and the zinc salt (Zn(C1O,),,2H,O) are prepared by the usual metathesis, and 
are isomorphous.***° They do not form double salts as readily as does cupric 
chlorite. Further work on the chlorites of mercury has shown that the red 
precipitate obtained on adding not more than 0-5 equivalents of mercuric 
Nitrate to sodium chlorite in aqueous solution is the explosive mercuric 
chlorite, Hg(ClO,),. This precipitation may be used (see page 672) for the 
analytical determination of chlorite in the presence of other oxyacid ions of 
chlorine.** When allowed to stand in a moist condition, mercuric chlorite 
decomposes to the basic chloride, HgCl,,2HgO,12H,0; when boiled in water, 
the compound HgCl,4HgO is formed. The products obtained when mercuric 
chlorite is treated with aqueous ammonia depend upon the relative quantities 
of the reactants. Three different products are known to be formed, but the 
product best established has the empirical formula, Hg,ONH,CIO,.°* Sodium 
chlorite gives with mercurous nitrate solutions the cream coloured unstable 
precipitate, 2HgClO,,HgO,5H,O. The normal mercurous chlorite is yellow.” 

Some broad analogies between the chlorite and nitrite ions can be drawn, 
for example by comparing the ability of each ion to act both as an oxidizing 
and as a reducing agent. This analogy does not extend to a similar ability to 
enter into co-ordination complexes, since attempts to prepare cobaltammine 
complexes with the chlorite group in the complex were unsuccessful. As an 
unstable anion is known to be stabilized by salt formation with a large cation 
it is not surprising that salts such as hexamminocobaltic chlorite, (Co(NH,)¢l 
(C10,);,H,O, and chloropentamminocobaltic chlorite, [Co(NH;)sCl\(ClO,),, were 
isolated in this work.** A certain similarity between the chlorites and the 
iodides may be observed on comparing the solubilities and chemical properties 
of the corresponding silver, lead and mercury compounds. 


References 


1 Mathieson Alkali Works, F.P. 813,535-6, 3-6-1937; 
Vincent, G.P., U.S.P. 2,092,944, 14-99-1938. (3158134332, 1057) 
2 Mathieson Alkali Works, B.P. 460,374, 26-6-1937; D.R.P. 668,139, 26-11-1938. 
(31,4780;33,2291) 
3 N. V. Koninklijke Nederlandsche Zoutindustrie, B.P. 612,615, 16-11-1948. 


(43,3159) 
4 Lundin, B. & Cederquist, K.N., S.P. 133,595, 20-11-1951. (46 5794) 
5.N. V. Koninklijke Nederlandsche Zoutindustrie, B.P. 603,338, 14-6-1948. (43,2380) 
6 Solvay & Cie, B.P. 628,487, 30-8-1949. (44,4210) 
7 Sevon, J. &Sundman, F.v., S.P. 113,609, 27-3-1945. (41, 651) 
8 Cunningham, G.L., B.P. 495,289, 10-11-1938. (33,3083) 
9 Holst, G., Ind. Eng. Chem., 1950,42,2359. (45, 831) 
10 N. V. Koninklijke Nederlandsche Zoutindustrie, D.P. 60,345, 15-12-1947. (42,1398) 
11 Solvay & Cie, B.P. 644,309, 11-10-1950. (45,3740) 
12° Soule, E.C., U:S.P. 2;332,180, 19-10-1944. (38,1613) 
13 Hampel, C. A. & Norem, ,W. L., U.S.P. 2,496,287, 7-2-1950. (44,4642) 
14 Solvay & Cie, Belg. P. 449,413, March, 1943. (41,6677) 
15 Solvay & Cie, B.P. 605,983, 4-8-1948. (43,1159) 
16 Farben Fabriken Bayer, B.P. 668,817, 19-3-1952. (46,7722) 
17 Vincent, G.P., U.S.P. 2,031,681, 25-2-1936. (3072332) 
18 Barnett, B., Ph. D. Dissertation, Univ. California, 1935. 
19 Tachiki, K., J. Chem. Soc. Japan, 1944,65,346-51. (41,3347) 
20 Fontana, B. J.& Latimer, W.M., J.4.C.S., 1947,69, 2598-9. (42,1114) 
21 White, J. F., Taylor, M.C.& Vincent, G.P., Ind. Eng. Chem., bags raat age Baan 
22 Taylor, M.C., White, J. F., Vincent, G.P.& Cunningham, G.L., 
spend Pin Ind. Eng. Chem., 1940,32,899-903. (34,5253) 
23 Levi, G. R. & Natta, G., Gazz., 1923,53,532-8. (18, 348) 
24 yntema, L. F.& Fleming, T., Ind. Eng. Chem. Anal., 1939,11,375-7. (33,6753) 
25 Levi, G. R., Ind. Eng. Chem. Anal., 1937,9,250. (31,5709) 


26 Jackson, D. J. &Parsons, J. L., Ind. Eng. Chem. Anal., 1937,9, 14-5. (31,1320) 
27 Levi, G. R. & Ghiron, D., Atti R. Accad. Lincei, 1930,11, 1005-8. (25, 654) 


576 CHLORINE 17. 


28 Levi, G. R. & Ghiron, D., Atti R. Accad. Lincei, 1930,11, 1104-7. (25,1445) 
29 Levi, G.R.&Ghiron, D., Atti R. Accad. Lincei, 1930,12,158-61. (25,2645) 
30 Levi, G.R., Gazz., 1922,52,1,417-20. (16,3271) 
31 Artini, E., Atti R. Accad. Lincei, 1922,31,II,65-7. (17,2090) 
32 Levi, G.R. &Scherillo, A., Z. Krist., 1931,76,431-52. (25,4455) 
33 Levi, G. R., Gazz., 1922,52,1,;20 429. (16,2474) 
34 Levi, G.R., Gazz., 1923,53, 105-8. (17,2264) 


35 Levi, G. R. &Ghiron, D., Atti R. Accad. Lincei, 1932,16,632-6; 
Levi, G.R., Ferrari, A.& Ghiron, D., Atti IV Congr. Naz. Chim. Pura A pplic., 
1933,495-9. (27,2645;29 3927) 


36 Ferrari, A.& Colla, C., Gazz., 1937,67,424-8. (32,1202) 
37 Levi, G. R. &Peyrnel, G., Atti R. Accad. Lincei, 1935,21,381-4. (29,7846) 
38 Levi, G.R., Gazz., 1923,53,245-9, (17,3000) 
39 Levi, G R.& Cipollone, C., Gazz., 1923,53, 200-3. (17,2999) . 
40 Smith, W. V., Pitzer, K.S.& Latimer, W.M., /.A.C.S., 1937,59,2640-2. (32,1357) 
41 fFrametsa, O., Suomen Kemist., 1942,15B,11-2. (38,5742) 
42 Vevi, G R., Gazz., 1923,53,522-5. (Ig. ooas 


CHLORIC ACHD AND THE CHLORATES 


Preparation. 

Free chloric acid is known only in aqueous solution, and its solutions are 
commonly prepared from barium chlorate solution by adding sulphuric acid, 
filtering the solution, and evaporating. Decomposition commences at concen- 
trations above 40%; at room temperature the products are oxygen and chlorine, 
while some perchloric acid is formed at higher temperatures, The chlorates 
of the alkali and alkaline earth metals continue to be of commercial importance; 
they are prepared either by the action of chlorine on the alkali, or by electro- 
lytic oxidation of the chloride. The latter process has largely superseded 
the former, but the patent literature shows that the former method can certainly 
not be regarded as obsolete. The basic principles underlying these methods 
have been described earlier (Mellor,II,303); the more recent work here out- 
lined has been concerned primarily with the influence of experimental condi- 
tions and technique on the efficiency of these processes. 

The overall equation for the chlorination of milk of lime is: 


6Ca(OH), + 6Cl, > Ca(ClO;), + 5CaCl, + 6H,O. 


In the early stages of the process calcium hypochlorite is produced, and 
further chlorination gives rise to chlorate by the reaction:- 


ClO” + 2HOCI — CIO," + 2HCI. 


For this reason it is important that there should be excess of chlorine. If 
the absorber vessel containing the milk of lime is air-cooled only, the tem- 
perature rises uniformly up to the last few minutes, when there is a sudden 
rise in temperature accompanying the conversion of hypochlorite into chlorate.’ 
A temperature of 30° has been found suitable, and with water cooling and 
efficient Stirring, a yield of calcium chlorate within 2% of the theoretical is 
possible.* If chlorination is carried out at temperatures above 40° some 
hypochlorite decomposes to give chloride and oxygen;® at 95=100° the 
chlorate yield falls to 65%.’ The presence of calcium carbonate in the milk 
of lime should be avoided, since higher temperatures are required for its 
chlorination. If pure chlorine is used as the gas stream there is a danger of 
the formation of explosive mixtures of chlorine, hydrogen and oxygen. This 
can be avoided by diluting the chlorine with air to a chlorine concentration of 
25~35%. The presence of charcoal is found to facilitate the conversion of 
hypochlorite into chlorate.* Using milk of lime samples containing 200 to 
330 g. of lime per litre, the time required for chlorination was found to be 
approximately proportional to the concentration, and variation in the rate of 
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flow of the chlorine had relatively little ettect on the chlorate yield. A tem- 
perature in the tange 25-40°C. was again found suitable for chlorate produc- 
mon. = The chlorination of ‘magnesium oxide suspensions gives magnesium 
chlorate under broadly similar conditions, but the reaction temperature may be 
raised to 60°. Suspensions should not contain more than 170 g. of magnesium 
oxide per litre, otherwise the suspension thickens during chlorination, and 
foaming occurs, which impedes the absorption of chlorine.” Chlorination to 
zinc chlorate has also been used in the recovery of zinc salts used in paper 
making.** 

The corrosion caused by solutions of chlorides and chlorates*® has led to 
the use of such materials as cement, sand, kieselguhr and their mixtures for 
lining vessels used in these processes.* Chloride solutions are more corro- 
sive than chlorates in iron or copper vessels, and the mixed solutions have a 
greater corrosive power than would be predicted from the additive effect of the 
two components. On immersion in a calcium chloride=potassium chlorate 
solution for 10 days at 100°, copper was found to lose 3-6, and iron 950, 
grams per square metre. The corrosive effect can be greatly reduced (to 
‘about one hundredth) by adding to the solution 0-125 gram equivalents per 
litre of sodium hydroxide.* 

Precise conditions for the efficient preparation of the chlorates of many 
metals by chlorination of their hydroxides are not known. With the less — 
common or more expensive metals it is therefore customary to prepare the 
chlorates by metathesis of a simple salt of the metal with the chlorate of a 
common metal.® This avoids the simultaneous production of the chloride of 
the metal as a by-product, and the solubilities of the salts are usually suf- 
ficiently different to permit separation by crystallization. Sodium, potassium, 
calcium and magnesium chlorates are particularly useful as starting materials, 
and for this purpose the chlorination of sodium carbonate is said to be simpler 
and more economical than chlorination of lime.” Sodium carbonate solutions 
react with chlorine in two ways. The first stage is represented thus:- 


Na,CO, + Cl, + H,O — NaHCO, + NaOCl + HCl, 


and this reaction proceeds until all the carbonate is converted into bicarbonate. 
The latter is then chlorinated:- 


6NaHCO, + 3Cl, — NaClO, + 5NaCl + 3H,O + 6CO,, 


and excess chlorine converts the hypochlorite formed in the first stage to 
chlorate. Chlorination of a solution of 200-300 grams per litre of sodium 
carbonate at 60° gives an almost theoretical yield of sodium chlorate, which 
is not adversely affected by prolonged chlorination.** The reaction with 
potassium carbonate follows a similar course.” The process also appears to 
proceed satisfactorily in the presence of limited quantities of water; alkali 
metal chlorates are prepared by chlorination of the metal carbonate containing 
only 3-20% of its weight of water at 60-80°, The solid product may be used 
directly for such purposes as weed killing, or pure chlorate may be obtained 
from the product by leaching, evaporating and crystallizing." Bicarbonates 
can also be used in this way.’7"* Although the presence of calcium carbonate 
is inconvenient in the chlorination of milk of lime, the alkaline earth car- 
bonates can be used as starting materials if the experimental conditions are 
suitable; conversion to chlorate occurs when the carbonate contains about 
5% of water, and is treated with chlorine at 70 = 90°.** nee 
From the chlorate~chloride mixtures which result from these chlorination 
reactions, pure chlorates are usually obtained by fractional crystallization. 
If the solubility values are not suitable, they can be influenced by the addi- 
tion of other salts to the solutions.*%°™* In calcium chlorate-calcium 
chloride mixtures, the former crystallizes as the dihydrate from. solutions in 
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which the chloride-chlorate ratio is between 2:1 and 1:1. The solution used 
should be saturated with respect to calcium chlorate dihydrate at a tempera- 
ture below 60°'%!° If the solution is saturated with calcium chlorate (but } 
unsaturated with calcium chloride) at temperatures above 60°, and will crys- 
tallize above this temperature, calcium chlorate is obtained as the anhydrous 
salt.*® No double salts of calcium chlorate and calcium chloride are formed 
in this system.”* The chloride content of a solution of these two salts (rich 
in chloride) may be reduced by adding calcium hydroxide in an amount slightly 
in excess of that equivalent to the chloride concentration: the basic salt, 
CaCl,,Ca(OH),,H ,0, is formed almost instantaneously at 60° and being in- 
soluble it may be filtered off.7° When the chloride content of the mixture is 
low, addition of excess calcium hydroxide produces a basic calcium chlorate.” 
The chlorates of magnesium, calcium, barium and strontium may be extracted 
with acetone from mixtures. containing the chlorides and/or chlorites of these 
metals.°°*" In many processes, cyclic and otherwise, it is advantageous to — 
arrange concentration and temperatures so that evaporation of solutions is not 
necessary to effect crystallization.*°*? For example, the concentration of a 
strong solution of sodium hydroxide can be so arranged that on treatment with 
excess chlorine at 100° the sodium chloride produced in the reaction is preci- 
pitated. This is filtered from the hot solution, and when the filtrate is 
cooled to 8= 10°, the sodium chlorate which crystallizes contains as little as 
1% of sodium chloride.** Sodium chlorate and chlorite can also be separated 
in this manner. When the mixture produced by the action of chlorine dioxide 
on sodium hydroxide is crystallized at 30°, sodium chlorate is separated; the — 
solution is then diluted and cooled to 5°, when sodium chlorite trihydrate 
crystallizes.*” 


Electrolytic Preparation. 

Various aspects of the well-known method involving electrolysis of the 
metal chlorides have been examined in greater detail. The initial product is 
hypochlorite, formed by reaction between chlorine from the anode and the 
alkali or alkaline earth hydroxide produced at the cathode. If the solution is 
alkaline the hypochlorite is chemically stable, and conversion to chlorate 
occurs by anodic oxidation:- 


6CI1O” + 3H,0 + 6@ — 2Cl0,° + 4Cl” + GHt + 30. 


The process is inefficient since evolution of oxygen represents a loss of 
energy. If the solution is acid, conversion to chlorate can take place by the 
more efficient route:- 


2HOC! + OCI” — ClO, + 2HC1, 


and this is to be preferred.. The electrolyte may be acidified during electro- 
lysis to maintain the desired pH value.**** For electrolysis of sodium 
chloride solutions, an optimum pH value between 5-9 and 6-1 has been quoted.*® 
If the solution is too strongly acid, hypochlorite formation is prevented by the 
absence of hydroxyl ions. Careful temperature control is necessary. Both 
the electrode processes and the electrolyte reactions are sensitive to tem- 
perature, and high temperatures tend to decompose the hypochlorite with 
evolution of oxygen. The temperature for maximum efficiency varies with the 
electrolyte used and with the electrolysis conditions, and has to be determined 
in a rather empirical way. Using sodium chloride as electrolyte, efficiency 
is highest at 35°,** and electrolysis of calcium chloride solution should be 
carried out at a temperature below 40°.*’ A saturated solution of the chloride 
is usually recommended as electrolyte, the saturation being maintained by 
adding chloride during the electrolysis.*°***°*? High current densities are 
desirable, and cells employing 0-015,** 0-5** and 0-1~0+2%° amp. /cm.” have 
been described. Current efficiency is said to be improved if the electrolyte 
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flows continuously through a series of cells.*******° It is advisable to sweep 
through the apparatus with air, since the accumulation of hydrogen and oxygen 
may cause an explosion.®°°’ The addition of a small quantity of potassium 
dichromate to avoid reduction of hypochlorite at the cathode has been widely 
advocated. *°*7°9*!*53 In the electrolysis of the alkali metal chlorides, the 
use of a chromium plated cathode is said to render the addition of dichromate 
unnecessary. A rough deposit of chromium, (plated on iron, nickel or copper) 
gave more satisfactory results than a polished layer, and with this rough 
deposit the cathodic reduction was as little as when dichromate was added to 
the electrolyte. Using a chromium plated cathode, cathodic reduction was 
least™* at a current density of 0:15 amp./cm.” In the electrolytic preparation 
of barium chlorate, the addition of a little calcium chloride minimizes cathodic 
reduction.*» Many electrode materials have been tested. As cathodes, 
carbon, *°44*%5? iron, *°*%** platinum,*® and copper*® have been used, and their 
influence on efficiency compared. As anodes, graphite and magnetite have 
been recommended.**** The latter is said to be more efficient.*” For a given 
Current consumption, platinum anodes have been found to give the highest 
yield of chlorate.****** 
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THE PROPERTIES OF CHLORIC ACID AND ITS SALTS 


Little recent work has been done on the physical properties of chloric 


acid, doubtless because it is available only in dilute aqueous solution and its © 


decomposition makes accurate physical studies unprofitable. In solution in 
methyl or ethyl alcohol the acid is also unstable, and measurements of the 


| 
| 
4 


| 


electrical conductivity of the solutions were unsatisfactory for this reason.’ 
The chlorate ion is more stable and has been studied in a number of crystalline — 
salts and in neutral or alkaline solution. Its shape is that of a shallow © 
pyramid with the chlorine atom at the apex, the fourth tetrahedral bond position — 
being occupied by the unshared electron pair. This structure is consistent 


with Raman and infra-red spectra.” The thermochemical radius of the ClO, 


ion is near 2-0 A., but the values calculated from the lattice energy of salts — 


increase, over a range of about 2%, with the size of the associated cation. 
For rubidium chlorate, r = 1-98 A., and in the compound [Ni(H,O),|(C1O,),, 7 = 
2°05 A. This is explained by assuming that a smaller cation is able to 
penetrate more deeply into the field of the anion. The calculated value of 
the heat of formation of the gaseous chlorate anion is 578 kg.-cal./mol.;* at 
25° the entropy S, = 39-3 g.-cal./degree/mol., and AF = 3+7 kg.-cal./mol. For 
potassium chlorate, S = 34°17 g.-cal./degree/mol.* 

For the diamagnetic susceptibility of the chlorate ion a value of -30+2 x 
10°° c.g.s. units has been given,®* though a more recent determination gives 


=24-86 x 10°*, with values of -33+27, -36+81 and ~87-44 (all x 107°) for the 


susceptibilities of anhydrous sodium chlorate, potassium chlorate and barium 
chlorate respectively.” Ions of the type XO, often show magnetic anisotropy, 
which is detected by oscillating the crystals about different axes in a uniform 
magnetic field. Nitrates, carbonates and chlorates exhibit considerable 
magnetic anisotropy (whereas sulphates are almost completely isotropic) and 
the optical and magnetic axes are coincident. The diamagnetic susceptibility 
of the chlorate ion is a minimum along the axis of symmetry, whereas for 
nitrate and carbonate ions it is a maximum along this axis.*? The Faraday 
effect (rotation of the plane of polarization of light under the influence of a 
magnetic field) has been examined for the sodium D-line for chlorates (and 
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other salts) in aqueous solution.'%** The magneto-rotation constant is 
given by:- 


® = MnwA?/s(n? + 2); 


w being the Verdet constant (the angle of rotation in a field of 1 gauss for 1] 
cm. of liquid), for light of wave-length A, and n, s and M being refractive index, 
specific gravity and molecular weight respectively. The constant for the 
acid or salt is the sum of constants for the constituent ions, and the constants 
en chloric acid and its common salts may be calculated from the following 
values:- 


Ion ® x 10" 


alors 6:06 
Ht -1-41 
Na" ere 
— ae 
Ba*t 0-52 


Ionic velocities in systems containing the chlorate ion have been studied.‘*3 
From conductivity measurements, the anion conductance of the ClO; ion at 
25° is 64:58 ohms”; the value decreases with increase in the size of the 
halogen atom in XO; ions, since the bromate and iodate ion conductances are 
55:84 and 40-75 ohms” respectively.** (Compare also NO, = 61:62 and 
%CO;' = 60 ohms*). Conductivity measurements give a value of 0:6 for the 
dissociation constant of silver chlorate.** | 

The distribution of the chlorate ion between water and ethyl alcohol has 
been measured. In this system it is necessary to add high concentrations of an- 
other electrolyte to create a two-layer system. Using potassium carbonate for 
this purpose, the distribution coefficient of the chlorate ion is 2+1 (compare SO? 
= 140 and NO} = 2-2). Using ammonium sulphate, the chlorate coefficient falls 
to 0-43 (compare NO} = 0-50). The differences are attributable to variation in 
anion hydration:* Distribution measurements between water and alcohols have 
been used also to determine the variation in hydration of salts with the number 
of oxygen atoms in the chlorine oxyacid ions; the entry of oxygen into the anion 
appears to reduce the degree of hydration, as shown by the following values of 
apparent hydration numbers:-*° : 


BaCl, = 12:87 Ba(ClO,),= 3°77  Ba(ClO,), = 2:004 
NaCl = 14-53 NaClO, =10-44 NaClO, =6-42 


The ratios of the activity coefficients of these ions in methyl alcohol and 
water (fyeou/fi9o =7) also differ. Taking an arbitrary value r = 100 for the 
chloride ion, the ratio for the ClO,” ion is 46.*” 

Isotope exchange reactions involving the chlorate ion show some in- 
teresting features. Using a heavy chlorine isotope, no exchange was found 
to occur between the chloride and chlorate ions in solution, and this is there- 
fore to be regarded as an irreversible oxidation=reduction system.*” Using 
water containing the **O isotope, complete exchange of this isotope between 
water and the chlorate ions in a dissolved chlorate was observed, provided 
that the solution was acid, but no exchange occurred in neutral or alkaline 
solution.’ Addition of hydrochloric acid to a sodium chlorate solution brings 
about complete exchange of heavy oxygen in 10 hours at 100°***' These 
observations are consistent with the known differences between the chemistry 
of chloric acid and the chlorate ion. The greater stability of perchloric acid 
compared with chloric acid is reflected in the fact that no measurable exchange 
between water and the perchlorate ion occurs even in acid solution.” 
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Thermal Decomposition. 

Chlorates of strongly electropositive metals can disproportionate on 
heating into perchlorate and chloride, e.g. 4KCIO,; > 3KClO,+KCI. This re- 
action occurs to a decreasing extent as the electropositive character of the 
metal is decreased. There are alternative modes of decomposition which 
depend upon the relative stabilities of the oxide and chloride of the metal. 
Thus alkali, alkaline earth and silver chlorates give the chloride of the metal 
and oxygen; cobalt, copper and zinc chlorates give mainly metal oxide and 
chlorine, while nickel, cadmium and lead chlorates give mixtures of chloride 
and oxide and evolve chlorine and oxygen. The influence of catalysts on the 
thermal decomposition of sodium and potassium chlorates (particularly the 
latter) has been widely investigated. Added metal oxides facilitate decom- 
position into metal chloride and oxygen at the expense of disproportionation. 
Free metals also act as catalysts, and ultra-violet light is said to promote 
catalyzed decomposition at room temperature.” 

The melting and decomposition temperatures of pure sodium chlorate are 
256° and 350° res pectively, corresponding figures for potassium chlorate being 
356° and 364°.7%** The temperatures at which the chlorate ion becomes un- 
stable are similar, although the melting points of the salts differ widely. 
Mixtures of the two salts melt at lower temperatures and so are convenient 
for oxygen production, though the composition for minimum melting point (75 
NaClO;=-25KCIO;) does not coincide with the composition for minimum decom- 
position temperature (15NaClO,;=85KCIO,).” The temperatures for decom- 
position of these salts, or their mixtures, are lowered considerably by addition 
of many types of catalysts: the lowering is about 70° for silica, 60° for 
potassium chloride and as much as 180° for manganese dioxide.** Potassium 
chloride accelerates both disproportionation and oxygen evolution reactions. 
With the former, the velocity coefficient k is given by the equation k = (dy/dt)/ 
c(a-x), where dy/dt is the instantaneous velocity, and c and (a-<x) the 
concentrations of potassium chloride and chlorate; the reaction is autocata- 
lytic. The latter reaction is unimolecular, and the logarithms of the velocity 
coefficients when plotted against 1/T (in the range 400~500° give straight 
lines.*° The decomposition temperature of potassium chlorate is also lowered 


by adding oxidizing agents such as ammonium dichromate or persulphate; the > 


process may involve mutual autoreduction.”” The velocity of decomposition 
of potassium chlorate in the presence of manganese dioxide depends on the 
quantity of catalyst present. Although the view has been challenged,” 
there seems to be ample evidence that the temperature at which a mixture of 
potassium chlorate with manganese dioxide undergoes spontaneous decomposi- 
tion also depends upon the proportions involved, and that there is a decom- 
position temperature characteristic of each mixture.” On spontaneous 
decomposition the reaction is sufficiently rapid to be thermally self-supporting. 
With manganese dioxide catalyst the minimum temperature is 292°, and the 
proportions KCIO,;: MnO, = 2:1. Ferric oxide is also a catalyst (though less 
efficient than manganese dioxide) and requires a minimum temperature of 
324°,°°3? Ferric oxide exerts a promoter action when mixed with manganese 
dioxide, since the mixture is a more powerful catalyst than either oxide used 
alone.*® This accounts for the efticiency of pyrolusite as catalyst in this 
reaction. Cupric oxide can also act as a promoter. 

Variation in pressure has a marked effect on the catalyzed decomposition 
of potassium chlorate. Using manganese dioxide as catalyst, the effect has 
been studied over the pressure range 0-01 cm. of mercury to 500 atm., and the 
temperature range 70°to 350% At 126°, oxygen is not evolved from the 2:1 
mixture at atmospheric pressure but is evolved at pressures below 0-01 cm. of 
mercury. At 175° oxygen is evolved at a pressure of 2-3 mm. At 320° the 
mixture decomposes spontaneously at atmospheric pressure, but 90% remains 
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undecomposed after seven hours at pressures above 300 atm. Even at 500 
atm. pressure of oxygen, no recombination of potassium chloride and oxygen 
occurs at any temperature, so that if the reaction:- 


2KC10, — 2KCl + 30, 


can be regarded as reversible, the equilibrium pressure of oxygen is in excess 
of this value.*5*’ 

The catalytic activities of a number of metal oxides have been compared 
by determining the rate of oxygen evolution from mixtures (10 parts potassium 
chlorate to 1 part of catalyst) heated at 275°. The oxides fall in the following 
order of decreasing catalytic activity: Co,0;, Cr,03, MnO,, Fe,0;, Ni,O3, CuO, 
Ti0,. Using the metal sulphates as catalysts in similar experiments, the 
order of decreasing activity was: Cr, Co, Mn, Ti, Fe, Ni, Cu, V.* 

These results may give some indication of the mechanism of catalysis, 
which has not yet been definitely established. Attempts have been made to 
explain the mechanism in general terms, such as electron disturbance,*® but 
this cannot be readily tested by experiment. Observations on the thermal 
decomposition of single crystals of potassium chlorate indicates that such 
decomposition starts from nuclei on the surface, but this gives no guide to 
catalyzed decomposition.*° The formation of some form of intermediate 
compound seems highly probable. When mixtures of potassium chlorate with 
either manganese dioxide or the cobalt oxide Co,O0, were heated at temperatures 
a little below those for spontaneous decomposition, the magnetic suscepti- 
bilities of the mixtures determined experimentally were appreciably less than 
values calculated by applying the additivity law to the mixture. This was 
interpreted as providing definite evidence for intermediate compound forma- 
tion.*"*? It is unlikely that the same mechanism applies to all examples of 
catalysis, but it is significant that, broadly speaking, the most efficient 
oxides are those of metals having a range of available valency states; the 
intermediate compound probably involves a valency state higher than that in 
the added oxide, and the manganate or permanganate ion may be important in 
manganese dioxide catalysis. A comparison of the efficiencies of various 
oxides or salts of the same metal, in which the metal displayed a range of 
valency states, would probably throw more light on the problem. 


Oxidizing Properties. 

In most of their chemical reactions the chlorates act as oxidizing agents 
and are reduced to chlorides. Many chlorates react vigorously with sulphur, 
the readiness of reaction increasing as the electropositive character of the 
metal decreases. The presence of a trace of water is necessary; this per- 
mits the formation of sulphuric acid and thus the liberation of chloric acid.“ 
The dry mixtures may be preserved indefinitely. The chlorates of the following 
metals are arranged in order of increasing readiness to react with sulphur: 
barium, strontium, calcium, lead, copper, chromium, magnesium, nickel, cobalt, 
zinc, cadmium. At temperatures below 50-60° some chlorine dioxide is 
evolved, and higher temperatures give a mixture of chlorine and oxygen. | The 
sulphur is oxidized ultimately to sulphate, and sulphur monochloride is 
believed to be one of the intermediate products.** Reaction under these 
conditions is much slower with the alkali metal chlorates, although addition 
of sulphuric acid renders the mixture explosive in all cases.** Ignition tem- 
peratures of mixtures of sulphur with some chlorates are: lead chlorate, 63- 
67°. silver chlorate, 74°; barium chlorate, 108-111°; potassium chlorate, 
160-162°.45 The oxidation of sulphur, selenium and tellurium does not 
present a regular progression, since selenium is oxidized more readily but 
tellurium less readily than sulphur. A slightly moist mixture of selenium 
with any chlorate, except those of the alkali metals, becomes incandescent. 


Refs. p. 592 


584 CHLORINE iby 


Chlorates of. the ammine complexes, e.g. [Zn(NH,) Acio.), and [Cd(NHs)6.| 
(C1053), do not react with sulphur or selenium, and addition of an alkali acetate 
is also. said to prevent oxidation.** Tellurium is attacked by concentrated 
aqueous chloric acid, and by chlorates at the end of the above list (magnesium, 
nickel, cobalt, zinc and cadmium).** Many sulphides and selenides react less 
readily than do sulphur or selenium, but there are some exceptions. Cupric 
sulphide explodes in contact with a concentrated solution of chloric acid or 
the chlorates of magnesium, zinc or cadmium; while antimonous, arsenious, 
stannous and stannic sulphides become incandescent in contact with these 
chlorates.*” Moist chlorates explode in contact with white phosphorus, and 
inflame after a few moments with red phosphorus. Oxidation is vigorous with 
powdered arsenic, but is not appreciable with antimony or bismuth.*” Mix- 
tures of metal chlorates with some non-metals are, of course, employed in the 
preparation of well-known explosive and pyrotechnic compositions, and mix- 
tures with hydrocarbons have been used.*® 

Sulphites are oxidized to sulphates by chlorates, but the rate of reaction 
is influenced considerably by the hydrogen ion concentration of the solu- 
tion.5°5? Oxidation is not detectable over a period of seven hours in a solu- 
tion containing sodium sulphite and potassium chlorate, each in 0-1N. 
concentration at 15° and containing 0-025 N-hydrochloric acid. In 0-05 Neacid, 
reaction occurs after an induction period of 20-40 minutes; the induction 
period increases if the concentration of sodium sulphite is increased. At 
acid concentrations above 0-075 N. the reaction proceeds smoothly without an 
induction period, and further increase in acidity has only a slight effect on 
oxidation rate. The induction period has been interpreted as resulting from 
accumulation of hydrogen ions by the reaction:- 


Clo; + 3HSO0, Cl 350 eee 


in support of this it is found that if the solution is buffered the oxidation 
rates are greatly modified.** Since potassium chlorate of high purity can be 
obtained, its use has been proposed in standardizing alkaline solutions; a 
solution of the chlorate of known concentration is boiled, and sulphur dioxide 
passed in for 30 minutes. A corresponding amount of sulphuric acid is formed:- 


380, + KCIO, + 3H,0 — 3H,S0,+ KCL 


and this is titrated with the alkali.*’ 

The oxidation of arsenites by chlorates requires a high acid concentration. 
Us ing hydrochloric acid, at least 2 N.solutions are required (preferably at 
75°), and in the presence of sufficient acid there appears to be autocata- 
lysis.» one _ Sulphuric acid may also be used,™ in spite of a statement to the 
contrary.°> The reaction velocity depends more on the chlorate than the 
arsenite concentration, and the kinetic equation is:- 


-diclo, |/dt = £,[clo, I[Aso,*] + &,[clo, lIci’]. 


Osmium tetroxide catalyzes the reaction, and in its presence oxidation can 
be carried out, at 20°, in solutions of acidity as low as 0-05 N.** Electro- 
metric measurements show that catalysis occurs through the formation of 
unstable addition compounds between reduction products of the ‘osmium. 
tetroxide and the chlorate.*° Chlorates may be determined volumetrically, 
and in the presence of perchlorates, by adding an excess of a standard arsenite 
solution to an acidified solution of the chlorate, catalyzing the oxid ation with 
a few drops of osmium tetroxide, and titrating the excess arsenite in the 
neutralized solution with iodine.*° The same determination can be carried 
out by adding the chlorate solution to the arsenite dissolved in 5 N-hydro- 
chloric acid, and containing iodine monochloride as catalyst. In this case 
the end point is detected potentiometrically.*’ As oxidizing agents for 
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organic compounds, chlorates are activated by vanadium pentoxide, hydrogen 
peroxide, and potassium permanganate.** 

_In the oxidation of iodine to iodate by potassium chlorate, a little nitric 
acid is usually added to increase the rate of reaction. Reaction is more 
‘fapid in the presence of sulphuric or hydrochloric acid; the latter is most 
efficient because of the chlorine liberated (HCIO, + SHC] > 3Cl, + 3H,0), 
and the acid may in fact be replaced by a stream of chlorine. The chlorine 
forms iodine monochloride which reacts more rapidly with chlorate than does 
iodine itself, and in water gives some hypochlorous acid which also accelerates 
oxidation.** The oxidation of potassium iodide to iodine in aqueous solution 
has a temperature coefficient of 2:87 for the 25=35° interval; the reaction is 
catalyzed by vanadyl salts, but retarded by manganese sulphate and nickel 
sulphate.®° When potassium iodide and potassium chlorate are fused together, 
some conversion to iodate occurs. The best yield of iodate is obtained with 
excess of potassium iodide, the yields for KCIO;:KI ratios of 1:1 and 1:2 
being 42% and 62% respectively.“ Chlorates oxidize bromides to bromine 
and ultimately to bromates. The kinetics of this process have been investi- 
gated; the reaction is catalyzed by arsenic acid, but not by arsenious acid or 
the arsenate ion.°?** 

Oxidation of nitrous acid by chlorates takes place according to the equa- 
tion:- 


ClO; + 3HNO, — 3NO,° + Cl” + 3H*. 


Reaction does not occur in neutral or alkaline solution, but commences 
immediately on acidification, so that it is probably the nitrous acid molecule 
rather than the nitrite ion which undergoes oxidation.“** The reaction is of 
second order, and variation in chloride ion concentration produces no signifi- 
cant change in velocity constant. In view of the strong reducing properties 
of hypophosphorous acid, it is surprising that it has so little action on 
chlorates. That no reaction occurs between dilute solutions has been con- 
firmed, but slow reaction has been observed between concentrated solutions. 
For example, when chlorate solutions at least 0+25 molar are treated with 4 
molar hypophosphorous acid, the chlorate is reduced in 36-48 hours.°” 

Chlorates oxidize thallous to thallic salts in concentrated hydrochloric 
acid solution, and the reaction may be employed in solution for the determina- 
tion of thallous chloride, using iodine monochloride as catalyst and potentio- 
metric detection of the end point.*” Chromium is oxidized from the 3=tothe 
6=valent state. The reaction:- 


Cr,0; + MCIO, —> 2CrO, + MCI, 


proceeds quantitatively if the moist reactants are heated together in a sealed 
tube with calcium carbonate. If chromic oxide is boiled with an aqueous 
solution of an alkali chlorate, the amounts of oxide dissolved and chloride 
produced are again in 1:1 mol. ratio.®° A perfectly dry mixture of anhydrous 
ferrous sulphate and potassium chlorate can be heated to 100° without reaction. 
In the presence of small quantities of water, chlorine dioxide and chlorine in 
approximately equal quantities are evolved, and in the presence of large 
amounts of water the chlorate is reduced quantitatively to chloride.° Reduc- 
tion by ferrous sulphate is commonly used in the analysis of chlorates;”"” 
reduction in neutral solution is not entirely satisfactory, and slightly acid 
solutions are preferable. The kinetics of the reaction at v20% have been 
investigated. In the absence of a catalyst, the rate of reaction in high and 
constant concentrations of sulphuric acid is given by =d[ClO, |/dt = £[CIO, ] 
{Fe?*], and is proportional to the concentration of acid. The temperature 
coefficient is 2-73 for the temperature change 20° to 30°, and the activation 
energy 17675 g.-cal. In the presence of osmium tetroxide, which acts as a 
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catalyst, the rate expression is more complex and the temperature coefficient 
and the activation energy are lower.” 

The reaction between ammonia and potassium chlorate, which evolves 
much heat and can become explosive, has been studied by passing ammonia 
diluted with air over potassium, chlorate absorbed in porous plate fragments 
placed in a combustion tube. The temperature at which reaction commences 
depends upon the ammonia concentration, but, is below 300°. The reactions 
are:- 


2KCIO, + 4NH; — 2KCI + 2N, + 6H,O, 
and 6KCIO,; + 4NH, — 2KCI + 4KNO, + 2Cl, + 6H,O. 


About 60% of the nitrogen is converted into nitrate.” The reaction of potas- 
sium chlorate with ammonium salts is violent and complicated; with ammonium 
chloride, for instance, potassium chloride, potassium -nitrate, hydrochloric 
acid, nitric acid, nitrous acid, oxygen, nitrogen and water have been identified 
in the reaction products.”* 

Some free metals reduce chlorates to chlorides. Potassium chlorate is 
reduced by metallic sodium at 100°;’° the reaction products are sodium and 
potassium monoxides (with some peroxide), chlorine monoxide and chlorine 
dioxide.”” Sodium hydroxide prepared electrolytically usually contains a 
little sodium chlorate, which is objectionable because of its corrosive pro- 
perties. It may be reduced by adding finely divided metallic iron, which is 
oxidized to the oxide Fe,0,, at temperatures above 70°7*>”? A metallic 
couple is more efficient, and chlorate may be removed quite rapidly by passing 
the solution through a bed of copper and iron turnings.*° Reduction of 
chlorates by zinc, in acetic acid solution, is a well-known method employed 
in volumetric analysis; the use of Wood’s metal in sulphuric acid at 90° is 
also satisfactory.° 

On exposing neutral potassium chlorate solutions to ultra-violet light, 
decomposition occurs with evolution of oxygen.®? In the light of a mercury 
arc (1900-2600 A.), the main decomposition reaction leads to the formation 
of hypochlorite and molecular oxygen:- 


ClO,",H,O > ClO” + H,0 + O,, 


and the primary process of light absorption is believed to involve the transfer 
of an electror to the hydration layer. Irradiation of the hypochlorite causes 
decomposition to chloride:- 


XO",H,O > X° + H,O +0, 


and the oxygen so produced is responsible for some re-formation of chlorate,** 
The cathodic reduction of the chlorate ion is a well-known concomitant of its 
electrolytic preparation. The reduction efficiency is found to decrease with 
increasing cathode potential, and to be negligible for potentials greater than 
1:5 v.°* During electrolysis by silent electric discharge or glow discharge, 
chloric acid and its alkali salts are reduced at the anode as well as at the 
cathode. Decomposition into hydrochloric acid (or chloride) and oxygen is 
caused by energy-rich water molecules.***° The reaction between hydrogen 
and solid chlorates in the silent eiectric discharge has also been investigated; 
lithium, sodium and calcium chlorates give the corresponding chlorides and 
water.°** When submitted to the glow discharge from a Tesla coil ina 
vacuum, potassium chlorate decomposes to hypochlorite and chloride, and no 
chlorite or perchlorate is formed.**°° Attempts to oxidize potassium chlorate 
to perchlorate under oxygen pressures as high as 1200 atm. and at temperatures 
up to 475° were unsuccessful.** This is of interest in view of the failure to 
oxidize chloride to chlorate under similar conditions, which has already been 
mentioned (see page 583). 
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The Chlorates. 

The discussion which follows deals with the physical, and some chemical, 
properties of individual salts: much of the recent work is concerned with 
sodium and potassium chlorates, with relatively few studies on other chlorates. 

The very high solubility of lithium chlorate in water makes it possible to 
study the phase relations over almost the whole of the mol. fraction range. 
The phase diagram is shown in Fig. 2. Two hydrates, LiClO;,3H,O, (con- 
gruent m.p. 8°), and LiClO,,H,O, are formed. It is considered that the 
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Fig. 2, LITHIUM CHLORATE=-WATER PHASE DIAGRAM 


e 


sections a, B and y correspond with three solid forms of the anhydrous salt, 
and that the break in the curve at 21° represents a transition from the mono- 
hydrate to the anhydrous salt.°? There is evidence, however, to suggest that 
the y section of the curve corresponds with a hydrate 3LiC10,,H,O, and that 
only two modifications of the anhydrous salt exist.°°°* The solubilities and 
the solubility products of the alkali metal chlorates decrease rapidly with 
increase in atomic weight’’ (Table XVIII). 


TABLE XVIII.- SOLUBILITY AND SOLUBILITY PRODUCTS 
OF SOME METAL CHLORATES 


Solubility (mols. : 
Solubility Product 
salt/1000 g. H,O) | _ 


Liclo, 336 
Naclo, 8406 
KCI1O, ane 
Rbclo, sets 
csclo, ms ae 


TIC1O; 


The values for the solubility of sodium and potassium chlorates over a 
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temperature range have been revised (Table XIX). 
TABLE XIX.- INFLUENCE OF TEMPERATURE ON THE 


SOLUBILITY OF SODIUM AND POTASSIUM CHLORATES IN WATER 


Density of 
saturated KCIO, 
solution 


Solubility (g. salt/ 100g.| 
saturated soln.) 


Naclo.* | Kclo, = 


The considerable ieee ee the solubilities of Sela and potas- 
sium chlorates is maintained in other solvents*™ (Table XX). 


TABLE XX.-SOLUBILITY OF SODIUM AND POTASSIUM CHLORATES 
A IN VARIOUS SOLVENTS AT 25° . 


Solubilities expressed as g. salt/100 g. solvent 
| wthylene- Liquid Mono- Ethylene water 
diamine ammonia | ethanolamine glycol 
Naclo, 52°8 19-7 16-0 106 
KCIO; 0+145 Qe 52 0-30 1-21 806. 


Potassium ehiorace is slightly. soluble (less than 0-01%) in liquid sulphur 
dioxide , *°7*°° 
tures, ! has been measured. The solubility of chlorates in deuterium oxide 
is appreciably less than in water;*°°*°? and some comparative values are 
given in Table XXI. 


TABLE XXI.- SOLUBILITIES OF CHLORATES IN 
GME ROL BEE: OXIDE MIXTURES?” 


. “solubility | *solubility % 


- Potassium chlorate 0°5845 

Silver chlorate , | 0-8017 

Silver chlorate 1.1481 

Silver chlorate 1-6040 

Silver chlorate 22353 

* Solubilities are expressed as mols. salt/ 100 mols. (H,O + D,O) 

Since chlorates and chlorides are frequently produced together and sepa- 
rated by fractional crystallization, the variation in chlorate solubility in the 
presence of chloride has important practical significance. This variation in 
the case of sodium salts is illustrated in Table XXII; the chlorate solubility 
is decreased by sodium chloride to a greater extent at high than at low tem- 
peratures. 
The solubility of .potassium chlorate in aqueous solutions of sodium 
chloride, of sodium carbonate and of potassium carbonate has also been 
recorded.” 
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TABLE XXII.- INFLUENCE OF SODIUM CHLORIDE ON SOLUBILITY 

OF SODIUM CHLORATE! 

Solubility (g. NaCclo,/100 c.c. sat. soln.) 


in 10% NaCl | in 20% NaCl | in 30% Nacl_ 


The osmotic and the activity coefficients of sodium and potassium chlorates 
have been determined;**°**? some accurate values are given in Table XXIII. 


TABLE XXIII. OSMOTIC AND ACTIVITY COEFFICIENTS OF 
SODIUM AND POTASSIUM CHLORATES AT et ha 


Sodium chlorate 


Potassium chlorate 


Activity | 
coeff, 


0-749 
0-681 
0°635 
0-599 
0°568 
0-541 
0-518 


| Osmotic 
Coeff. 


Activity |; 
Coeff. 


Osmotic 
Coeff. 


Molar 
Concn, | 


The heats of dilution of sodium chlorate are the same as for sodium 
bromate at concentrations below 0-0025 M., in agreement with their respective 
activity coefficients."** Some thermal properties of sodium chlorate solutions 
are collected in Table XXIV. 


TABLE XXIV.- THERMAL PROPERTIES OF SODIUM CHLORATE SOLUTIONS** 


(Concentrations expressed as mols. NaClO, per 100 mols. HO) 


Integral Heat of Solution: 


~3°51 kg.-cal./mol. (at saturation) 
-5-29 kg.-cal./mol. (at infinite dilution) 
~101 g.-cal./mol. (at saturation) 

0-650 (concentration 15-39) 

~5 g.-cal./mol./degree (concn. 0-1) 

35 g.-cal./mol./degree (concn. 150) 
3-c.c./mol. (concn. 0:25) 

43 c.c./mol. (concen. 16) 


Differential Heat of Dilution: 
Specific Heat: 
Partial Molar Heat: 


Partial Molar Volume: 


LE a ere ea nn ne anaIais ST nnAESEERARERN 


The heat of solution of rubidium chlorate at infinite dilution and 25° is 
11-41 kg.-cal./mol.’*® The endothermic nature of both heats of solution and 
of dilution indicates weak hydration of the chlorate ions. 

Other physical properties studied include the depression of the freezing 
point of water by dissolved chlorates of lithium, sodium, potassium, rubidium 
and caesium, '!°*!* the dielectric constant of dilute aqueous solutions of sodium 
and potassium chlorates,*” the coefficient for absorption of ultrasonic waves 
by sodium chlorate solutions,’” the magnetic birefringence of aqueous chlorate 
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solutions,*?? the electrical conductivity of potassium chlorate solutions over 


the range 0~100°,*”* and the influence of the concentration of potassium 
chlorate on the compressibility of its aqueous solutions.’ The fluidity of 
dilute solutions of potassium chlorate at 18° is represented by the equation:-** 


hb = 1 0:0028e% + 0-049 = 0:0275c?, 


where c is the molar concentration; the viscosities of the solutions, even at 
high dilution, are greater than that of pure water.**° Using the more soluble 
sodium chlorate, the viscosities of supersaturated solutions have been 
measured, The viscosity-temperature graphs are smooth curves which show 
no irregularity at the saturation temperature.*?”? Accurate determinations of 
the densities of dilute solutions of potassium chlorate are available, together 
with measurements of the change in volume which occurs during solution of © 
the salt.’7*?9 The calculated value for the contraction occurring on solution — 
of one gram molecule of potassium chlorate at infinite dilution at 18° is 8-1 
c.c.’** In common with many other inorganic salts, chlorates increase the 
surface tension of water; the oscillating jet technique has been applied to 
these measurements.**° In very dilute solution, the tension is slightly de- 
creased, so that the tension values pass through a minimum.’ 

Sodium and potassium chlorates in the solid state have been studied 
extensively. Sodium chlorate forms cubic crystals, the unit cell containing 
four molecules, with a 6-570 + 0-006 A.,**? or 6+559 A.**® These determina- 
tions follow much preliminary work with which they are in general agree- 
ment.*****8 Sodium chlorate is a suitable substance for observations on 
crystal growth.*****° The cubic habit is generally unresponsive to modifica- 
tion, but the presence of certain ions in the solution from which its crystals 
are grown (especially the type RO,”, e.g. SeO,”, CrO,”) can cause 111 
planes to appear at the expense of 100 planes.**%**” Mixtures of sodium 
chlorate and sodium bromate give a series of cubic crystals which are com- 
pletely isomorphous, the cell size increasing to a = 6-719 A. for pure sodium 
bromate.**® With potassium chlorate, with which sodium chlorate is not — 
isomorphous, no solid solution is formed,*** though there is one report to the 
contrary.**° Potassium chlorate and potassium bromate do not form solid 
solutions.*** The diffuse scattering of X-rays by sodium chlorate crystals 
has been investigated, but there is as yet no agreed interpretation of the 
observations.**°*** The spatial distribution of atomic displacements in 
sodium chlorate crystals owing to thermal vibration may be calculated from 
the elastic constants*****? and compressibility.*** Values for the various 
constants are given in Table XXv.*™ 


TABLE XXV.- ELASTIC (AND RELATED) CONSTANTS 
FOR SODIUM CHLORATE CRYSTALS 


Elastic constant C Elastic moduli s Compressibility 
(x 107* dynes /cm?) | (x 10°%3 cm?/dyne) | (x 107? cm?/dyne) 


Cy Cy. . Cay 


4°99 | 1638 | 1617 | 23635] 5-15 3901 
49 | 1645 | 1619 | 2365 | =5e30 38¢7 


The elastic constants are smaller, and the compressibilities larger, than 
the corresponding values for sodium bromate.*** The coefficient of linear 
expansion of solid sodium chlorate is 44-92 x 10° at 34+2°C., increasing to 
59°50 x 10°° at 225-9% The fact that these values exceed those for sodium 
bromate is consistent with the higher melting point and smaller interatomic 
distances in the latter.**® The free energy of formation of sodium chlorate is 
-59+1 kg.-cal./mol., and the entropy, Sy, , is 30:2 + 1:0 g.-cal./degree/mol. 


Refs. p. 592 


17 OXIDES AND OXYACIDS 591 


(compared with KCIO, = 34-17, AgClO, = 35-8, TICIO, = 40+4).157 Measured by 
the liquid mixture method, the dielectric constant of crystalline sodium 
chlorate is 5+9,75° 

Crystals of potassium chlorate were shown, by use of the ionization 
Spectrometer, to be monoclinic." X-Ray analysis confirmed that the crystals 
were monoclinic holohedral, of space group C2,. The unit cell contains two 
molecules, and has dimensions a = 4-647, b = 5-585,and c = 7-085 AnD ss 
109°38',*6 The refractive indices are 1-4099, 1:5174 and 1-5241,19*68 
The structure bears a marked similarity to that of calcite, which no doubt 
explains the analogous optical properties, cleavage and twinning which the 
two substances display.** It has been confirmed that the iridescence which 
can occur in potassium chlorate crystals is due to reflection of light by 
twinned crystal planes.’°**®’ The growth of potassium chlorate crystals, and 
the variation of crystal habit in the presence of ionic impurities, has been 
studied, and it has been shown that added ions of the type RO,” have a 
pronounced influence on crystal habit;***”° in the presence of potassium 
manganate, extremely thin crystals of the order of 600 A. in thickness (90 unit 
cells) can be obtained.*”® The density of solid potassium chlorate at 20° is 
2+°3383 and 2+3385, determined by the suspension and pyknometer methods 
respectively.*”* Some measurements of the refractive index of molten sodium 
and potassium chlorates have been made.*”” 

In the reciprocal salt pair, NaCl + KCIO,; = NaClO, + KCI, the left hand 
pair is stable, and represents the couplet whose salts have the lowest solu- 
bility product and exist as excess salt in the presence of water. This has 
been observed by measurements at 20°,*”* and in the 0-40° range, and this 
salt pair is probably stable up to 100°. Isothermally invariant points for the 
system in water have been determined.*’* Inthe salt pair, 2NaCl + Ba(ClO;), 
= 2NaClO,; + BaCl,, the compounds on the left again represent the couple 
stable at 20°.°7° In the system NaClO,-Na,SO,-H,O, the solid phases at 0° 
and 20°are the compounds Na,SO,,10H,O and NaClO,; at 40° the two anhydrous 
salts form the solid phases.*”® At temperatures above 25°, there is evidence 
for a double salt NaClO;,3Na,SO, which has a narrow range of stable exis- 
tence but can persist in metastable equilibrium over a wide concentration 
range.’”’ There is no evidence of double salt formation in the corresponding 
system KC1O,;-K,SO,-H,0,'” or in the systems NaCl-NaClO,-H,0,*’* 2NaClO, 
+ K,CO, = Na,CO,; + 2KCI0,,*” 2KCIO, + CaCl, = 2KCI + Ca(TlO,),,°” 
KCl1O,~KBr-H,O,'** and KClO,~KI-H,0.** The equilibria in the system 
KC1O,-KNO,-H,O provide some evidence for double salt formation." 

The preparation of ammonium chlorate, and its explosive properties, have 
already been fully described (Mellor, II,338-9) but further information on the 
stability of its aqueous solutions is now available.*** On keeping for long 
periods the cold saturated solution undergoes no apparent decomposition, but 
in the presence of a solid phase some decomposition is evident within a few 
days, and may become violent if much solid phase is present. Decomposition 
is autocatalytic if the reaction products are not removed from the system. 
The ammonia is oxidized to nitrogen and nitric acid; the latter can react with 
chlorate to give chlorine dioxide and chloric acid, which are stronger oxidizing 
agents. No perchlorate is formed in the reaction, and the solid residue 
consists of ammonium nitrate with no chloride.*** , 

Under suitable conditions, chlorination of magnesium hydroxide suspen- 
sions gives a basic magnesium chlorate, Mg(ClO3;)2,4Mg(OH),, which is stable 
in concentrated solution from 25° to 125°. X-Ray powder data show that it is 
isomorphous with the basic nitrate, Mg(NO;).,4Mg(OH)2- Thermal analysis 
of the calcium chlorate=water system shows the existence of a series of 
hydrates. The hydrates separate in the following order: at ~41”, Ca(ClOs)2, 
GH,O; at -27°, Ca(Cl0,),,4H,O; at -8°, Ca(Cl0;)2,2H,0; and at 76° the solid 
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phase is the anhydrous salt.**® The cryoscopy of several electrolytes in the 


molten hexahydrate has been studied,**® as also has been the cryoscopy of 
berylliun, magnesium, calcium, strontium and barium chlorates in aqueous 
solutions.*®” In the system, Ba(ClO;),-Ba(BrO;),-H,O, the monohydrates of 
the two salts form a continuous solid solution at 25°, so that chlorate~bromate 
mixtures cannot be separated satisfactorily im analysis by precipitation with 
excess of a barium salt.*** Crystals of strontium chlorate, in common with 
many other chlorates, show piezoelectric properties.**” 

Gallium chlorate has been prepared by metathesis from gallium sulphate. 
and barium chlorate.*®° The chlorates of several hydroxy- or acetato- lead 
complex cations have been isolated. They are given the formula [Pb,(OH),| 
(C10,),,H,O, [Pb,(OH),|(C1O,),, [Pb.(OH)(Ac)I(C1O;),, 24H,Oand [Pb,(OH),(Ac)s] 
(C1O;3).,3H,0,'** but it is not certain that the cation complexes really have the 
structure shown. The chlorates of metal-ammine complexes of copper, cad- 
mium, nickel, cobalt and zinc are prepared by treating the cold, stirred solu- 
tion of the metal chlorate with ammonia gas. The ammine salts are precipi- 
tated, and may be filtered off and dried. The compounds are highly explosive, 
and detonate when struck. Tetramminocupric chlorate is capable of initiating 
the explosion of trinitrotoluene. The nitrogen produced results from intra- 
molecular oxidation=reduction, the ammonia being oxidized at the expense of 
the chlorate group. The compounds are highly deliquescent, and lose ammonia 
in moist air. Corresponding hydrazine compounds may be prepared by treating 
the cold stirred solution of the metal chlorate with hydrazine hydrate dissolved 
in water or alcohol. The precipitates are washed and dried at a low tempera- 
ture. The compound [Ni(N,H,)3/(ClO;), corresponds to the hexammine. These 
hydrazine compounds are also explosive, the copper compound detonating on 
drying at room temperature. The perchlorates of both types of compound are 
also explosive, but are less sensitive than the chlorates.*%? 

Silver chlorate is obtained by adding 170 g. of silver nitrate in 100 ml. of 
water to 106 g. of sodium chlorate in 100 ml. of water, each at 85°% On 
cooling to 0°, decanting, and washing with 50 ml. of water at 0°, a 78% yield 
of 95% pure silver chlorate is obtained. The purity is increased to 99+7% by 
two recrystallizations from 125 ml. of water.’’* Silver chlorate gives tetra- 
gonal crystals, but the crystals are not holohedral and have no observed 
piezoelectric porperties. The unit cell contains 8 molecules, with dimensions 
a = 848, c = 7:91 A. The crystals have a density of 4:37, and are iso- 
morphous with silver bromate.****°® In aqueous solution, the equivalent 
conductivity of silver chlorate at infinite dilution is 126-57.*%” 
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PERCHLORIC ACID AND THE PERCHLORATES 


Preparation. . 

The references to preparation of perchlorates by the action of heat on 
chlorates are few in number compared with those concerned with electrolytic — 
oxidation. The presence of impurities in the chlorate, such as free metals — 
and metal oxides, leads to decomposition into chloride and oxygen rather than © 
into perchlorate and chloride. Iron vessels cannot therefore be used, and 
quartz vessels have been recommended as giving the highest yield of per- 
chlorate.»? Even the alkali in glass is sufficient to lower the yield. The © 
optimum temperature at which to hold the melt is 470=550° for potassium 
perchlorate, and a little lower for sodium perchlorate.*** Potassium per- 
chlorate is obtained in poor yield when the chlorate is treated, under appro- — 
priate conditions, with one of the reagents = sulphuric acid, concentrated or 
anhydrous nitric acid, phosphoric acid or chromium trioxide = although many 
oxidizing agents are without effect on potassium chlorate.® Contrary to an 
earlier observation,” silver oxide does not oxidize a chlorate to perchlorate; 
it is decomposed before an appreciable amount of potassium perchlorate is 
formed, and the lower yields of perchlorate are no doubt due to its catalyzing 
the decomposition into chloride and oxygen.”* Perchloric acid solutions of 
high concentration are obtained by treating anhydrous sodium or barium per- 
chlorate with a little more than the equivalent amount of concentrated hydro- 
chloric acid. The precipitated chloride is filtered, and the filtrate concen- 
trated by vacuum distillation.’”“° The anhydrous acid may be obtained from 
the aqueous solution by distillation under reduced pressure, but the process 
is more efficient if sulphuric or phosphoric acid is added. Details of suitable 
distillation plant have been described.** 

Conditions under which the chlorate ion undergoes anodic oxidation to the 
perchlorate ion can be readily achieved, and this electrolytic oxidation is the 
more important process in perchlorate preparation.. The principles involved 
have been discussed (Mellor,II,374~375). The chlorate concentrations 
employed vary widely; with a current density of 3 amp./cm?, a solution 
containing only 0-6 g./litre of sodium chlorate may be used,** whilst the elec- 
trolysis of solutions containing 800 g./litre, in which the solution is main- 
tained at a concentration just below saturation, has also been described.*” 
Anodes of platinum,”””* lead dioxide or stainless steel, or an anode plated 
with chromium, have been used, and the efficiency of anodic oxidation is 
increased by as much as 30% if sodium fluoride is added to the solution.” 
As with chlorate production, the addition of a chromate to the solution mini- 
mizes cathodic reduction.** The yield of perchlorate is reduced in the 
presence of chloride, since the latter also undergoes anodic oxidation.***’ It 
is not true however, as was at one time supposed, that oxidation of chlorate to 
perchlorate does not take place until all chloride is oxidized; provided that 
high current densities (2 amp./cm?) are used, small amounts of sodium 
perchlorate are formed during electrolysis of sodium chlorate solutions in the 
presence of 18% of sodium chloride.** Potassium chlorate solutions may be 
electrolyzed at 27° and at a current density of 0-15 amp./cm? to produce 
potassium perchlorate,** but the low solubility of the potassium compared with 
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the sodium salts restricts the range of experimental conditions available. It 
is usually prepared by metathesis from sodium perchlorate and potassium 
chloride, when potassium perchlorate separates from solution.’?# 

Since chlorates are themselves produced by anodic oxidation from chlorides, 
perchlorate may be prepared by the electrolysis of aqueous solutions of metal 
chlorides."°”*"* Using the alkali metal chlorides, lithium chloride gives the 
highest yields of perchlorate. With the alkaline earth metal chlorides, 
oxidation is most efficient in the case of calcium chloride; the initial pH of 
the solution has little influence, but the efficiency is somewhat lower in 
alkaline solution. Increase in temperature (from 25° to 65°) has the same 
effect, and cannot be compensated by increase in concentration. The in- 
fluence of the cation on the efficiency of electrolytic preparation is illustrated 
in Table XXVI. 


TABLE XXVI. - ELECTROLYTIC PREP ARATION OF PERCHLORATES* 


Salt Perchlorate yield 
Electrolyzed | (g. equiv. x 10°/amp.hour) 


Current 
Efficiency % 


(Experimental conditions: platinum electrodes without diaphragm; 
oie. 3°5 N.; current density 0°5 amp./sq.dm.; temperature 
PAS 


With the alkali metal chlorides, the relative proportions of chloride, chlorate 
and perchlorate present in the solution. during electrolysis are influenced 
considerably by the size of the cation (Table XXVID. 


TABLE XXVII.- ANODIC OXIDATION OF ALKALI METAL CHLORIDES® 
} | 


Time before — 
first 


Composition of salt after 


Salt appearance passage of 150 amp.hours 
Electrolyzed of : 
perchlorate | Chloride | Chlorate | Perchlorate 
(min. 


(Experimental Conditions: asin Table XXVI, but temp. = 60°C.) 


In the electrolysis of rubidium chloride solution, anodic oxidation pro- 
ceeds only as far as rubidium chlorate. Having a low solubility, this salt 
separates out and cannot be further oxidized.** In place of platinum, lead 
dioxide or silicon carbide has been used for the anode.*”* As an alternative 
to chloride as a starting material, a hypochlorite may obviously be used, and 
the electrolytic preparation of sodium perchlorate from sodium hypochlorite 
has been carried out using a lead dioxide anode, with platinum, silver, gold or 
rhodium as the cathode.”” Perchloric acid may be prepared directly by 
electrolysis of hydrochloric acid, and an apparatus consisting of sheet silver 


Al Refs. p. 603 


598 | CHLORINE 174 
(which serves as cathode) with lead as anode has been described.** 


PROPERTIES OF PERCHLORIC ACID 


The anhydrous acid is a colourless, very mobile liquid, m.p. -112°. On 
vacuum distillation it breaks up to some extent into water and its anhydride, 
dichlorine heptoxide, and the, distillate contains about 50% of this anhydride. 
On heating at atmospheric pressure, it undergoes more complete decomposition, 
often explosively, into oxygen, water and oxides of chlorine. On standing in 
the cold it decomposes slowly, and it is a violent oxidizing agent, especially 
towards organic compounds. The Raman spectrum of the anhydrous acid is 
different from that of the ClO, ion, and contains some lines identical with 
those for the Cl,O, molecule; it shows that the chlorine atom is surrounded by 
four oxygen atoms arranged tetrahedrally, with the hydrogen atom attached to 
one of them.””** There is no molecular association in the liquid. An out- 
standing feature in perchloric acid chemistry is the readiness with which the 
covalent molecule will donate a proton to any group able to accept it, leaving 
the highly stable ClO, ion. In this ion, the four oxygen atoms are bonded to 
the chlorine atom by identical co-ordinate links, and all the valency electrons 
of the chlorine atom are shared. The stability of the ion arises from the 
resistance which this symmetrical tetrahedral structure exhibits towards any 
bond formation which would result in its deformation. In consequence, it is 
probably the strongest acid known; pure nitric acid does not function as an 
acid (in the Brénsted sense) in solution in perchloric acid, but rather as a 
base, being transformed into the compound (H,NO,)*Cl0,.*° It is the only 
compound capable of functioning as an acid in solution in anhydrous hydro- 
fluoric acid, in which the reaction, HF + HClO, — (H,F)*CIO,", occurs.** 
For the same reason, perchloric acid has the greatest influence of any acid in 
increasing the equilibrium constant of the reaction, H;,;PO, + HF = H,PO,3F + 
H,O, since, by its readiness to form hydroxonium perchlorate, it shows the 
greatest affinity for water.** Perchloric acid is said to give normal values 
for the cryoscopic constant of pure sulphuric acid when dissolved in that 
liquid. *® 

The proton donating power of perchloric acid accounts for the remarkable 
stability of the monohydrate HCl1O,,H,O. The melting points of all other 
hydrates are below 0°, while the monohydrate melts at +50°C. (Determined 
with high accuracy, the m.p. is 49-905 + 0-005°).°” The formulation of this 
hydrate as hydroxonium perchlorate, [H,O]*{ClO,]" has been confirmed by 
comparing its X-ray pattern with that of ammonium perchlorate, when the two 
were found to be practically identical,** and by the presence of a band charac- 
teristic of the ion [H,O]* in the Raman spectrum of the monohydrate.*® Its 
density is calculated to be 1-88.°* On addition of water to perchloric acid in 
1:1 molar amount, it would be anticipated that complete conversion to the 
monohydrate would occur, but Raman spectra measurements indicate that this 
is not entirely true. Lines characteristic of the ClO, ion appear after the 
addition of 3% of water, but the HClO, lines persist at acid concentrations 
down to 75%,°"** or even 70%,*° though the monohydrate contains 85% of 
perchloric acid. It is unlikely however that the undissociated acid is present 
in any appreciable concentration. Some relevant thermodynamic properties are 
given in Table XXVIII. 

The formation of perchloric acid hydrates has an influence on a number of 
the physical properties of aqueous perchloric acid solutions. Measurements 
on the electrical conductivity of these solutions show that the specific con- 
ductivity passes through a maximum at 37% perchloric acid.**** Accurate 
values are shown in Fig. 3.** Measurements carried out at 60° (i.e. above the 
m.p. of the monohydrate) show that on adding water to pure perchloric acid, 
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TABLE XXVIII. - THERMODYNAMIC PROPERTIES OF 
PERCHLORIC ACID AND ITS HYDRATES” 


| Heat of Formation 
pratS ~AH kg.-cal./mol. 


Pure anhydrous liquid 


Infinite dilution in water 
HC1LO,,H,O (crystalline) 
HC10,,2H,O (liquid) 


2 
oe) 


Specific Conductivity ohm.~! 
© 
ON 


0-4 +50° 
+30° 
va Neo + {0° 
“9 , 4 \ 
0 ‘ Solution id —1n°? 
, eo 10 
aan Los -20° 
rae — 30° 
500 
20 40 60 80 


Weight ve. H ClO, 


Fig. 3. SPECIFIC CONDUCTIVITY OF AQUEOUS 
_ PERCHLORIC ACID SOLUTIONS 


the conductivity increases to a slight maximum at SF: mol. 7% acid, and then 
passes through a pronounced maximum as shown in Fig. 3. When these 
values are corrected for changes in viscosity (by multiplying by the viscosity) 
the curves assume quite a different form, and there 1s a maximum at 33 mol.% 
HC1O,.°° This, together with the corresponding viscosity data, indicates the 
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presence of the monohydrate and the dihydrate in the liquid phase. as phe 


dissociation constant of perchloric acid in pyridine is 7°55 x10." In | 


ethylene dichloride solution at 25° the ionic mobility of the perchlorate ion is 
39-2,*5 compared with a value of 67+32 + 0-06 in water at 25°.*° 

The resistivity and kinematic viscosity of aqueous perchloric acid solu- 
tions are related by the empirical equation:- 


log (20 x kinematic viscosity) Det 
VT . log (4 x resistivity) | 
The value of K is remarkably constant over the 30%-60% concentration 
range.** The viscosities vary widely (by a factor up to 90) with change in 
concentration and temperature.***” Values are given in Table XXIX.* 


TABLE XXIX.- VISCOSITY OF PERCHLORIC ACID SOLUTIONS IN WATER 


% HClO, 
| by weight 


50° 


The viscosities increase with acid concentration at all temperatures, but if 
measured over the full concentration range at temperatures above the m.p. of 
the monohydrate, the viscosity passes through a maximum at 42-5 mol.% 
(80+5 wt.%) of perchloric acid.** The composition of maximum viscosity in 
systems of perchloric acid with a second component does not always coincide 
with the stoicheiometric ratio in which the two form an addition compound 


because of interaction between the addition compound and the second come — 


ponent,’ but the shape of the viscosity~composition curve gives a valuable 
guide to the extent of compound formation. When the viscosity changes 
regularly with composition, no addition compound is formed; an S-shaped 
curve indicates that one of the components is associated to a higher degree 
than is the compound, and a maximum in the curve indicates strong compound 
formation.** This is illustrated in an interesting series of measurements on 
-systems formed by perchloric acid with acetic acid and its chlorine deriva- 
tives®® (Table XXX). 


TABLE XXX. SYSTEMS FORMED BY PERCHLORIC 
ACID WITH THE CHLOROACETIC ACIDS 


System: Per- 
chloric acid with 


CCl,.COOH 
CHCL.COOH 


Viscosity Compounds formed 


varies regularly 
S-shaped 


No compounds 
HCI1O,,CHCl,.COOH 
2HC10,,CHCl,.COOH 
HC10,,CH,Cl. COOH 


shows maximum at 
33 mol.% HClO, 
maximum at 33 
mol.% HClO, 


CH,Cl.COOH 


HC10,,CH,. COOH 
HC1O,,2CH;.COOH 


CH;.COOH 


The mixing of trichloroacetic acid and perchloric acid is accompanied by — 
expansion in volume, whereas in the other systems in Table XXX (and 
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including water)*’ a contraction occurs. The proton donating power of acetic 
acid is small compared with that of perchloric acid, and compound formation 
occurs by proton transfer. With increasing substitution by chlorine, the 
acidity of the acetic acid increases; compound formation is weak with di- 
chloroacetic acid, and no acid-base interaction whatsoever occurs with tri- 
chloroacetic acid. The conductivity, viscosity and surface tension of 
perchloric acid=sulphuric acid mixtures have also been examined, and no 
evidence for interaction has been observed.®* 

The freezing point diagram for perchloric acid-water mixtures (Mellor, II, 
378) from which data on the full range of hydrates were first obtained, has 
not been modified. A re-examination of the system over part of the concen- 
tration range is in general agreement.** The densities of the solutions are 
required in many physical studies and have been determined accurately.**© 
Some values are given in Table XXXI. 


TABLE XXXI.° DENSITIES OF PERCHLORIC ACID SOLUTIONS IN WATER* 


% of HCO, Density (g./ml.) | 
by weight |~ : 


1-0637 10437 


160.560 


61356 | 161228 | 11075 

162312 | 162168 | 1-2002 | 1+1821 

“163308 | 163111 | 162908 | 1-2703 

164528 | 164255 | 163999 | 163752 

1-5908 | 165580 | 165275 | 14994 
16644 


167306 | 166987 1-6344 


Both dynamic™ and isopiestic®” vapour pressure measurements have been 
carried out on aqueous perchloric acid solutions. Values are given in Table 
XXXII, together with values of (p, - p)/p, from which activity coefficients are 
calculated. | 


TABLE XXXII.- VAPOUR PRESSURE OF PERCHLORIC 
ACID SOLUTIONS IN WATER AT 25°. a 


Vapour pressure 
p(mm.) 


23¢752 


| “Molal concentration 
of HClO, 


0-0 


0- 20064 23°593 0-006694 
0-60655 23¢254 0°020967 
1601589 22°870 0-037134 
3°1512 20-192 0-149882 
5°4347 16-308 0+313405 
78719 11-490 0-516251 
10°5132 6°838 0-712108 


There has been some discussion concerning the calculation of the activity 
coefficients of perchloric acid from vapour pressure Abas oes but the values 
given in Table XXXII, together with the corresponding osmotic coefficients, 
are now considered to be correct. ae 

For concentrations up to 0-6 molar, the activity coefficients are almost 
identical with those for hydrochloric acid. At higher concentrations the 
perchloric acid values are abnormal, and increase rapidly. This is _attri- 
buted to the pronounced hydration effect in perchloric acid solutions. The 
aqueous solution forms a constant boiling mixture (724% acid at 203°). This 
is a powerful dehydrating agent; it has also been proposed as a more 
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TABLE XXXIII.- MEAN ACTIVITY COEFFICIENTS® AND OSMOTIC 
COEFFICIENTS” OF PERCHLORIC ACID IN AQUEOUS SOLUTION AT 25°C. 


Molar cone Activity {| Osmotic 
centration | coefficient | coefficient 


convenient standard than constant boiling hydrochloric acid in acidimetry.°*’ 


Addition of perchloric acid to water causes an initial fall in surface 
tension, for which hydrogen-bond formation at the surface has been considered 
responsible. The tension passes through a minimum with increasing concen- 
tration, the position of the minimum varying with temperature, and then through 
a shallow maximum. [he concentration at which the maximum occurs is Ande pens 
dent of temperature, and corresponds to the composition HCIO,,3H,0.® Values 
are given in Table XXXIV. 


TABLE XXXIV.- SURFACE TENSION OF PERCHLORIC 
ACID SOLUTIONS IN WATER® 


% HClO, | Surface tension dynes/cm. 
by weight| 15° 


The refractive indices at 25° (for the D, helium line, A = 587 mp) of 
aqueous solutions of perchloric acid containing 54-158, 64+855 and 69-522 
wt.-% of acid are 1+38780, 1:40640 and 1-41400 respectively.” When the 
molar refractions are plotted against acid concentration, a smooth curve is 
obtained with a minimum at 18% acid.°”’° Apparent molal volumes have also 
been calculated.” From refractive index and density data, the radius of the 
ClO, ion is calculated to be 1-82 a.” 

Because of the stability of the perchlorate ion, perchloric acid in aqueous 
solution is reduced only under extreme conditions. Electropositive metals 
(such as iron or zinc) are attacked by the solution, but with the formation of 
hydrogen and the metal perchlorate.” The oxidizing power of the acid is 
attributed to the undissociated acid rather than to the perchlorate ion. 
Chromous salts reduce the acid slowly;” the rate of oxidation of chromium 
salts depends on the concentration and temperature of the acid. Under pres- 
sure in a sealed tube, oxidation of a chromium salt begins at 130° with an 80% 
solution, at 170° with 65% acid, and at 260° with 20% acid.”> Salts of tri- 
valent titanium and molybdenum Ae reduce perchloric acid, and the kinetics 
of the reduction process in the presence of added hydrochloric and sulphuric 
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acids have been studied. The velocity of reduction by titanous salts in- 
creases threefold with 10° rise in temperature. Rates of reduction by molyb- 
denum salts depend upon the degree of complexity of the salt; under standard 
conditions the times required for reduction of the same amount of perchloric 
acid are: Ti*+:Cr?*:Mo**(olive green):Mo**(orange) = 1: 1300: 18: 40000.” 
Perchlorates are not reduced by ferrous sulphate or by sulphurous acid, but 
reduction bytitanous chloride or sulphate is sufficiently rapid to be applicable 
in the quantitative determination of perchlorates.*° 

Hydrochloric acid is not a reducing agent, but hydrobromic acid reduces 
perchloric acid in solution at 100°. The reaction is catalyzed by tetravalent 
osmium compounds.’’” In a sealed tube, iodides are oxidized by perchloric 
acid to iodates. At 135° oxidation to iodine occurs, and at 200—210° the 
iodine colour disappears, the overall reaction being:- 


7HCIO, + 4KI = 4HIO, + 3HCl + 4KCIO,. 


No free oxygen is liberated. Organic iodo-compounds are usually decomposed 
completely into water, carbon dioxide and iodic acid under these conditions.” 
The products of the reaction of 65% perchloric acid with a range of simple 
organic compounds (alcohols, acids, hydrocarbons) in a sealed tube at 135-= 
220° were found to be invariably oxides of carbon and hydrogen chloride, with 
no free oxygen. ‘This suggests that the oxidation is due to the direct action 
of perchloric acid, and not to its decomposition products.”? When perchloric 
acid is used in the destruction of organic residues, explosions may sometimes 
80-83 . sithe ° pater . 
occur, but may be avoided by giving the residues an initial treatment with 
fuming nitric acid.°°**”* 

Perchloric acid dissolves in a number of non-aqueous solvents. It is 
miscible with liquid hydrocyanic acid, with some heat evolution,®* and its: 
solution in nitric acid,**** ethylene dichloride and pyridine has been mentioned 
above. With pyridine, perchloric acid forms a stable compound C;H;N,HCI1O,, 
which will exist as pyridinium perchlorate, C;H;NH*.CIO,; it melts at 288°, 
decomposes at 335 340°, and may explode violently (probably by intramolecu- 
lar oxidation=reduction) in contact with metals. The compound is employed 
in the preparation of pure pyridine. Serious explosions have occurred when 
the process has been used,°”*® but it can be modified to preclude danger of 
explosion.* 

Perchloric acid has many uses. A eutectic mixture of perchloric acid and 
water provides a suitable electrolyte, at temperatures below -50°, for the 
electrolytic preparation of ozone. A cell having a platinum anode and lead 
cathode has been described.*? In the electrolytic preparation of peroxy- 
sulphuric acid, addition of perchloric acid improves the yield by increasing 
the overvoltage.°* A solution of 40-60% acid is also used in the lead=per- 
chloric acid primary cell.°* The acid has been used for many years in the 
analysis of silicates,° and finds important application in steel analysis.” 
In these analyses also there is always some risk of explosion unless condi- 
tions are carefully controlled.°*”® In organic chemistry, perchloric acid is 
used, like picric acid, to identify compounds by the formation of characteristic 
~salts.?°° 
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PROPERTIES OF THE PERCHLORATES 


Several properties of the alkali perchlorates as a group may first be con- 
‘sidered. The anhydrous salts are isomorphous with each other, and with 
thallium, silver and ammonium perchlorates, the alkaline earth sulphates, and 
potassium permanganate.*” The crystal structures of the series have been 
determined by optical and X-ray methods,***%°"* some of the data being 
tabulated in Table XXXV. ; 

Values differing from those in Table XXXV are quoted by other workers. 
The perchlorate ion forms a regular tetrahedron,° though there is a statement 
that it forms an irregular tetrahedron in the ammonium and potassium salts.” 
Evidence of a different type suggests that only a model with rotating per- 
chlorate groups can explain the high temperature behaviour of sodium per- 
chlorate.*2 A transformation of the ordinary rhombic forms of the perchlorates, 
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TABLE XXXV.- CRYSTAL STRUCTURES OF ALKALI METAL PERCBLORATES 


Cell Dimensions 
x pipensions concer | aan rts 


Liclo,, 3H,O Te (el 
Naclo, 


KCIO, 
Rbclo, 
Csclo, 
NH,C1O, 


with the exception of lithium, into a regular isotropic form has been observed.*° 
The temperatures are: sodium 308°, potassium 299-300°, rubidium 279°, 
caesium 219° and ammonium 240°. 

The solubilities. of the alkali perchlorates have been determined at 25° in 
water, ether, acetone, ethyl acetate and methyl, ethyl, n-propyl, n- and iso- 
butyl alcohols.** Representative values are given in Table XXXVI. 


TABLE XXXVI. - SOLUBILITIES OF PERCHLORATES AT 25° 
(g./100 c.c.SOLN.) 


63-40 
LiclO,,3H,O 27-41 
naclo, 113-88 84.25 


| KCIO, 20394 0-0013 
Rbclo, 16328 0-0014 
csclo, 16961 nil 
NH,C10, 21-91 0-0286 


When the data are expressed as molal solubilities per mole of solvent, it 
is seen that the solvent capacities of the alcohols increase in the order Me> 
Et>n-Pr>n-Bu>tso-Bu. The solubility of potassium and thallium perchlorates 
is lower in deuterium oxide than in water.**"* This is no doubt the case for 
many other perchlorates also; for the potassium salt the ratio of the solu- 
bilities at 25° is 0:947,*° 

The compressibilities of aqueous solutions of the alkali perchlorates 
satisfy the equation:- 


®(K,) =O(K®) + Cye, 


where ®(K,) and ®(K) are the apparent molal compressibilities of the solution 
at concentration c and at infinite dilution respectively.*” The values of C are 
not constant as would be required by the Debye=Htickel theory. 

Molar, cationic and anionic magnetic susceptibilities have been determined 
for the alkali perchlorates,*® with the results given in Table XXXVII. 


TABLE XXXVIL- MAGNETIC SUSCEPTIBILITIES OF PERCHLORATES (x 10°) 


Molar Anionic 


Liclo, 
Naclo, 
KCIO, 
csclo, 
NH,Cl1O, 


The thermal decomposition of lithium, sodium, potassium and calcium. 
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perchlorates has been studied,*® and the loss in weight plotted against tem- 
perature. In each case the curve has a sharp change of slope, a feature in 
which these perchlorates differ from those of magnesium, iron and aluminium. 
The latter are converted into the oxide, and the former into the chloride. 

Lithium _ perchlorate has been prepared electrolytically from lithium 
chlorate, using 0-2 amp. per sq. cm. and a temperature above 20°. The 
product which crystallized out was the trihydrate, and this has also been 
obtained by the action of 70% perchloric acid on lithium carbonate.” The 
preparation of the anhydrous salt was found to be difficult; even after heating 
to 300° for 12 hours, the product was the anhydrous salt mixed with trihydrate. 
The former was extracted with ether. The solubility of lithium perchlorate in 
water has been determined in the temperature range 0- 170°, and the density of 
the saturated solutions between 0° and 40°.** The transition points of the 
various forms are:- 

6520 fe) 
moe Oo 1 iGlo, 10. = 1 iClo,. 

The density of lithium perchlorate solutions is expressed by the following 

empirical equation:- | 


dis = 09913 + 5+9396 x 10°*p + 1.1902 x 105207 + 9-8) x .1057p", 


where p is the g.% of the anhydrous salt.2* The dipole moment of lithium 
perchlorate is 786 D.% The heat of solution of the trihydrate is ~7+965 
kg.-cal., and that of the anhydrous salt 6-240 kg.-cal.; thus the molar heat of 
hydration is 14-2 kg.-cal.*° 

The determination at 20° of the lithium perchlorate-ammonia isotherm” 
showed the presence of a diammine (dissociation pressure 2 mm.), anda 
triammine (dissociation pressure 39*5 mm. at 20°, and 10 mm. at OP) sek 
pentammine was also found with a dissociation pressure of 31 mm. at -79°. 

Osmotic and activity coefficients of lithium perchlorate and sodium 
perchlorate have been measured at 25° over a wide concentration range.” 
While the activity coefficient of the sodium salt does not vary widely with 
concentration, that of the lithium salt passes through a minimum at a concen- 
tration of 0-2 molar, and then increases steeply. Cryoscopic and conductivity 
measurements on dilute solutions of lithium perchlorate in cyclohexanol show 
that it behaves as a strong electrolyte.?**° Conductivity measurements have 
been made in methanol,** ethanol,*? nitromethane,*® hydrazine** and hydro- 
cyanic acid,**® showing, in general, a high mobility for the perchlorate ion and 
agreement with the Debye~Hiickel-Onsager equation. 

The influence of lithium perchlorate on the mutual solubilities of water and 
butyl alcohol has been determined;** the effect is to increase the solubility 
of the butyl alcohol in water at 25° to a maximum in 3-9 Neperchlorate solu- 
tion, after which it decreases. This behaviour is paralleled by the calcium 
salt while, in contrast, the uranyl, beryllium, cadmium, zinc, magnesium, 
cobalt, nickel and copper salts and perchloric acid itself promote complete 
miscibility above 26 N.concentration, and the silver, lead, ammonium, stron- 
tium, barium and sodium salts decrease the solubility with increasing concen- 
tration. 

Further solubility data, in addition to that quoted in Table XXXVI, have 
been obtained for sodium perchlorate?”** This salt forms a monohydrate,” and at 
~79° a tetrammine.*® The monohydrate is completely dehydrated at 130°, the 
anhydrous salt being stable in the temperature tange 130-4719, above which 
decomposition occurs giving sodium chloride.*° The existence of double 
salts, such as NaAl(ClO,),,12H,O previously reported** could not be con- 
firmed.” 

The heat of solution of sodium perchlorate in water is +3*5 kg.-cal.,°4° 
and the heat of formation of the crystalline salt is +93 kg.cal.“* The density 
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of solid sodium perchlorate is 2-499, the refractive indices 14606, 1-4617 and 
1-4731, and the molar refraction 13°58.*° The molecular rotation: (Faraday 
effect, for the D line) of sodium perchlorate increases with increasing concen- 
tration.*° The conductivity of the salt has been measured in hydrocyanic 
acid,*® hydrazine,** methanol** and ethanol.** Sodium perchlorate causes 
dispersion of gelatin.*’ 

Potassium perchlorate, m.p. 610°,** forms no hydrate and no ammoniate;? 
the anhydrous salt is stable up to 653° *° Solubility data up to a temperature 
of 265° have been determined.*® Solubilities in aqueous alcohol at 14° 
decrease from 12-4 g. per litre in water to 0+15 g. per litre in 94+7% alcohol.” 
Solubilities in various salt solutions were determined in order to evaluate 
activity coefficients.°° The solubility in anhydrous hydrogen fluoride is 9-6 
g. per litre.°* The heat of solution of potassium perchlorate in water is 12+1 
kg.-cal.,**** a figure which has been used to evaluate the entropy and the free 
energy of the perchlorate ion; the heat of formation is +104-4 kg.-cal.** The 
dielectric constant of the solid is 5+9,** the density is 25298, the Le 
indices 1-4717, 14724 and 1-476, and the molar refraction 15+37.*° 

The decomposition of potassium perchlorate to give potassium chloriaa 
and oxygen is unimolecular.** Ferric oxide catalyzes the reaction, its 
particle size increasing 5-fold during the reaction. The effects of alkali 
nitrites*° and ammonium halides®’ on this decomposition have also been 
investigated. The former increases the rate of decomposition, while the 
effect of the latter appears to be due to the anion and increases with the 
atomic weight of the anion. 

From a study of the ternary system, water-sodium chloride-potassium 
perchlorate, no double decomposition was found to take place between the 
two salts,®® though each reduces the solubility of the other. The ternary 
system, potassium perchlorate=-potassium fluoborate=-water, gives evidence 
for double salts KCIO,,2KBF, where n = 2 and 8, which are stable in the 
presence of excess potassium perchlorate.*’ When a saturated solution of 
potassium perchlorate, sodium nitrate and sodium chloride is cooled, a mixture 
of the first two salts crystallizes out. The addition of water at this stage 
allows the crystallization of pure potassium perchlorate. By the action of 
hydrogen in the silent electric discharge, potassium perchlorate is reduced to 
potassium chloride.®* The conductivity of potassium perchlorate has been 
measured in hydrocyanic acid and in hydrazine.**** 

Rubidium perchlorate has no hydrates, and does not decompose below 
400°, while caesium perchlorate starts to decompose at 611". - The entropy 
of caesium perchlorate®™ at 25:0° is 41+89 + 0+2 g.-cal. deg.* mol.” 

Ammonium perchlorate is normally prepared by reaction of sodium per- 
chlorate with ammonium sulphate, and the carefully controlled conditions 
necessary are emphasized by several authors.*”°*°’ No hydrates are known, 
but a triammine with a dissociation pressure of 2 mm. at -79° has been 
reported.** Ammonium perchlorate has been studied as an explosive.™ It is 
stable at 110°, decomposes at 130° and explodes at 380°.%’° At low tem- 
peratures the decomposition is: 4NH,ClIO, = 2Cl, + 8H,O + 2N,0 + 30,. Above 
400°, most of the nitrogen is evolved as nitric oxide.”? A suitable mixture 
for use as an explosive was prepared by mixing concentrated solutions of 
ammonium nitrate and sodium perchlorate at ‘about 140° and allowing crystalli- 
zation to take place.” 

The solubility of ammonium perchlorate in ammoniacal solutions at 25° 
increases from 21-63 g.per 100 c. Ce of solution in 0-443 N-ammonium hydroxide 
to 24:08 g. in 2°59 N.solution.”* The density of aqueous solutions of am- 
monium , perchlorate at 15° and 25° can be expressed by the following equa- 
tions:-’ 


dys = 0°99913 + 4.6826 x 10°°p + 1-425 x 1075p? + 2+10 x 1077p? 
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ds = 0:99707 + 4-7898 x 1 “8p + 1+920 x 107$p? + 1-33 x 10™"p* 


where p is the g.% of the anhydrous salt. At 25°, solution of ammonium 
perchlorate in water produces an increase in volume, but a decrease at 15°. 
The solubility of ammonium perchlorate is less in aqueous perchloric acid 
solution than in water.*” . 

The conductivities of ammonium perchlorate in anhydrous hydrocyanic 
acid’* and nitromethane** show agreement with the Debye-Htickel-Onsager 
equation. The solubility in liquid ammonia is 137-93 g. per 100 g. of liquid 
ammonia,’® and the dissociation constant 5:4 x 10°°.77 A number of com- 
pounds have been prepared by the reaction of aqueous solutions of antipyrine | 
and ammonium perchlorate with solutions of various metal salts. The pro- 
ducts are crystalline and of a colour dependent on that of the cation. These 
are formulated as [M(COC,H.2Na)6l(C1O,),, where M = Mg, Ca, Sr, Ba, Zn, Cd, 
Pb, Mn, Fell, Co and Ni etc. Silver gave a tri-antipyrine compound. The 
melting points and solubilities of the various compounds are recorded.}”© ' 

The heat of solution of ammonium perchlorate in water is +6+36 kg.-cal. 
and the heat of formation +70+2 kg.-cal.** The density of the solid is 19518, 
the refractive indices, 1:4824, 14828 and 1-4868, and the molar refraction 
17-22.*° The dielectric constant of the crystals decreases regularly with 
temperature.”* 

A method for preparing the Group II perchlorates by the reaction of their 
oxides and carbonates with ammonium perchlorate in the solid state has been 
described.’* Reaction was more rapid and took place at a lower temperature 
the more basic was the metal. Neither pressing the materials together nor 
decreasing the particle size affected the yield, though this was improved by 
making the layer of reactants as shallow as possible. The extent of reaction 
increases with the stability of the perchlorate ammine, which is an intermediate 
product. The products are not pure; in the case of calcium perchlorate, only 
30% purity is obtained, but the products are suitable for use in fireworks.””” 

Solubility data for the alkaline earth metal perchlorates are presented in 
Table XXXVIII.** 


TABLE XXXVII.- SOLUBILITIES OF ALKALINE EARTH METAL 
PERCHLORATES (g./100 c.c.SOLUTION) 
: | 
n-BuOH 


Mg(Cl0,), 37°749| 446638 | 326410 | 54173 
Ca(ClO,), 113-68 68419 | 436812 | 57-173 


Sr(Cl0,), | 113-95 | 71-205 | 89-92 | 76:67 
BaClO,), 11985 | 41-716 | 81-054 | 80-812 


When the data are expressed as molal solubilities per mole of solvent, it 
is seen that the Group II perchlorates are more soluble in organic solvents 
(except ether) than in water. tH 

Various ammines of the Group II perchlorates have been identified from 
studies of their isotherms with ammonia.°”*? They correspond to M(CI1O,),, 
n NH,; 1 = for Mg, 2, 6 and 7; for Ca, 2, 3, 4, 6 and 7; for Sr, 1, 2, 6, 7, 10 
and 12; for Ba, 2,5,6 and 9. Pyridine complexes are also formed by these 
perchlorates in the presence of liquid pyridine or its vapour. They decom- 
pose in a desiccator, or over concentrated sulphuric acid. In crystal form 
and solubility they differ widely from the parent perchlorate. The compounds 
of magnesium, calcium, strontium and barium are all colourless, hygroscopic 
solids corresponding to the formula M(C1O,4)2,6(CsH5N). i: 

Magnetic susceptibilities,’® and heats of hydration,” are given in Table 


XXXIX. 
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‘TABLE XXXIX.- MAGNETIC SUSCEPTIBILITIES AND HEATS OF 
HYDRATION FOR THE ALKALINE EARTH PERCHLORATES 


ee ett a 


WYeat of 


hydration | N0- of HzO 


Perchlorate Susceptibilities (x 10°) _ 


aay no A molecules 
Molar | Cationic | Anionic | (kg.-cal.) , 


Me(ClO,). 
CaAC1O4)2, 
Sr(C1O,), 


Ba(ClO,), 


Aqueous solutions of all the Group II perchlorates have been used as 
solvents for cellulose.*”* 

Magnesium perchlorate, both as the trihydrate and as the anhydrous salt 
(‘anhydrone’), is much used as a drying agent. The efficiency of both forms 
has been assessed and compared with that of other desiccants.°* The num- 
bers of mg. of water remaining per litre of dried air are: calcium chloride 
(granular) 1:5, barium perchlorate, 0:82, calcium chloride (anhydrous) 0:36, 
magnesium perchlorate trihydrate 0-31, silica gel 0-006, anhydrous magnesium 
perchlorate 0-002, barium oxide 0-00065. The usual preparation is by meta- 
thesis, e.g. from ammonium perchlorate and magnesium carbonate, followed by 
heating in a vacuum if the anhydrous salt is required.*°°*° Though the pro- 
cedure is normally considered safe, warnings of the risk of explosion in 
contact with organic materials have been given.°°’* A mixture of magnesium 
perchlorate and barium perchlorate has also been suggested as a desiccant.”” 
The density of magnesium perchlorate decreases from 2:60 for the anhydrous 
salt to 2-044 for the trihydrate, and 1-970 for the hexahydrate;”* it has been. 
claimed that the trihydrate is not a definite compound, but mixed crystals, 
though this view is not commonly held. A dihydrate and tetrahydrate have 
also been described.” 

The solubility of magnesium perchlorate in ether has been variously 
reported as 0+29%,** 0:06%"° and 20-25%,” all at 25°. The high values may 
be attributed zo the presence of moisture.”° Three etherates have been 
reported; at:.-etherate unstable at 0°, a di-etherate fairly stable at 25°, anda 
monoetherate stable above 100°.°° The solubility of many organic compounds 
in water is increased by magnesium perchlorate.?? This, however, is a 
common property of a number of perchlorates, and is comparatively little 
affected by the cation. 


The structure of magnesium perchlorate hexahydrate is hexagonal and - 


related to that of lithium perchlorate trihydrate.°* The axes of the unit cell 
are 15-52 A. and 5*26 A. Activity and osmotic coefficients,”? Raman spectra 
frequencies,*°° and conductivities in acetone, methanol, nitromethane*” and 
n- and iso- propanols,*** have been determined. 

The basic salts 3Ca(OH),,Ca(ClO,),,12H,O and Ca(OH),,Ca(ClO,),, 
2-4H,O have been prepared, but no specific properties have been described.*” 
The conductivity of calcium perchlorate in acetone,*” and the coefficients of 
adiabatic compressibility of aqueous solutions of calcium and strontium 
perchlorates have been determined.*°* The apparent molar compressibility 
varies with the square root of concentration. Solvation increases with 
dilution and is calculated to be 11H,0 for the calcium salt and 13H,O for the 
strontium salt. 

Barium perchlorate has been prepared from ammonium perchlorate and 
baryta;*°* and the preparation of the trihydrate and its use as a desiccant 
have been described.*°* All the ammines, Ba(ClO,),,2NH;3, where n = 2, 5, 6 
and 9, are soluble in liquid ammonia and in ethanol.**’ There is also a basic 
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salt, Ba(OH)ClO,.°° The heat of solution of barium perchlorate is +1-42 
kg.-cal., and the heat of formation +194+3 kg.-cal.;** the density of the tri- 
hydrate is 2:911, the refractive indices 1+533 and 1-532, and the molar re- 
fraction 41-60.*5 

Five different hydrates of aluminium perchlorate have been described, as 
well as the anhydrous salt; these are Al(ClO,)3,n H,O where n = 3, 6, 9, 12 
and 15. The 15- hydrate is prepared by adding excess of aluminium hydroxide 
to perchloric acid and crystallizing on a steam bath.*® It is non-hygroscopic, 
loses 3 mols. of water in a desiccator over concentrated sulphuric acid, and 
at 100° is converted into the hexahydrate: its solubility in water is 6+86% at 
185° and 42:27% at 90°. The 9- hydrate can be prepared by crystallization of 
the solution after aluminium has been dissolved in 70% perchloric acid.**° It 
has a very high solubility; 462:75 g. per 100 g. of water at 0°.%** Other 
workers failed to obtain the 12- hydrate,*? and represent the preparation of 
the other hydrates thus:- 

(at 18° over conc. (18° over (150° in vacuum 

H,SO POs) over POs) 

Poo? 9.0 — 6GH.0 — 3H,0 > Anhydrous 


TABLE XL.- DENSITIES AND MELTING POINTS OF THE 
HYDRATES OF ALUMINIUM PERCHLORATE”® 


| Melting point 


Density 


Al(ClO,)3,15H,O | 1-764 
Al(ClO,);, 9H,O | 1-924 
Al(ClO,);, 6H,O | 2020 
AM(ClO,)3, 3H,0 | 26145 
Al(ClO,)3, OH,O | 2-209 — Se 


An alternative method of preparing anhydrous aluminium perchlorate 
involves distilling anhydrous perchloric acid on to anhydrous aluminium 
chloride and removing excess acid in a current of nitrogen;*** the product is 
slightly contaminated with aluminium chloride but can be purified by recrystal- 
lization from organic solvents, in which it is very soluble. Electrolysis of 
solutions in Cellosolve, nitromethane and nitrobenzene did not yield any 
metallic aluminium.***"** Solutions of aluminium and chromium perchlorates 
show an unexpectedly high hydrogen ion activity even in very dilute solution. 
No change takes place on standing, showing that no complex formation oc- 
curs.’45 The Raman spectra have been studied.*”° 

Gallium perchlorate hexahydrate was first prepared in 1939,**°"*%'™ by 
dissolving gallium metal in hot concentrated perchloric acid, followed by 
crystallization. It is very deliquescent, very soluble in water, acetic acid 
and alcohol, and decomposes at 155° in a vacuum and at 175° at atmospheric 
pressure. Using an excess of perchloric acid a 9+5- hydrate was obtained; 
other workers consider it to be the 9- hydrate.**® This product loses 3 
molecules of water on standing over concentrated sulphuric acid. A complex 
with urea, GalCO(NH,),|(ClO,)3, is formed by interaction of the perchlorate 
and urea in non-aqueous solvents;*** this decomposes violently on heating. 
Attempts to dehydrate the 6- hydrate produce a basic salt, and not the an- 
hydrous perchlorate. No further work on indium perchlorate has been des- 
cribed. 

The structure of thallium perchlorate has been studied by X-ray methods. 
It is isomorphous with the perchlorates of the Group I metals, except lithium, 
having cell dimensions 9-42, 5-88 and 7-50 A. respective ly.” The space 
group is V}°. A cubic form of the compound was found to have space group 
T* or T* with cell dimension 7-61 A.® A transition from the ordinary rhombic 
to a regular isotropic form occurs at 266°."° Conductivities have been 
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measured for thallium perchlorate in water,**° and in nitromethane.** In water 
the dissociation constant is 1:00 at 25° for 0+002,-0-005 M.solutions. 
Sedimentation equilibria’ and activity coefficients’? have been determined. 


The T1t — TI°* potential in perchloric acid and in nitric acid solutions — 
Absorption spectra of the two ions in per- — 
chloric acid solution show T1"#! to be more highly coloured than TI!.'%* 


has the same value, 1-280 v.*?° 


Extinction coefficients illustrate the increased tendency to undergo hydrolysis, 


Tae TI(OH)** —> TI(OH), , as the acidity of the solution decreases. — 


Densities and refractive indices of solid thallium perchlorate have been 
measured.’** The existence of the ion ClO, in anhydrous hydrofluoric acid 
has been deduced from precipitation reactions of thallous perchlorate in 
hydrofluoric acid solution.” 


An unsuccessful attempt to prepare germanium. perchlorate has been © 
in stannous perchlorate has been ~ 


described.’”” The hydrolysis of Sn 
investigated by potentiometric means, Assuming that hydrolysis gives 
[Sn,(OH),]?* or [Sn,0]?*, the hydrolysis constant is 1:8 x 107° at 25°.17* If the 


hydrolysis is considered to be Sn** + H,O — Sn(OH)t + Ht, the constant is 


Os02-at- 257.5% 

Lead perchlorate has been prepared in the anhydrous state, and as the 
mono- and tri- hydrate.**° 
and the liberated nitric acid distilled off, crystallization yields the trihydrate, 


m.p. 83-84°% When this is kept for several months in a vacuum over phos- — 
phoric oxide at 65°, the anhydrous salt is obtained. Its solubility is 226-1 g. — 


per 100 c.c. of solution, and the density of the saturated solution is 2+773 at 
25°. The use of these solutions for determining densities by the suspension 
method has been suggested.*** The monohydrate was prepared from the 


trihydrate by keeping it first over phosphoric oxide and then over anhydrous ~ 


lead perchlorate for months in a vacuum; its m.p. is 153-155° Interaction 
of lead oxide with perchloric acid leads to the formation of basic salts. A 
number of these have been described, e.g. [Pb,(OH),|(ClO,),,1°5 H,O and 


[Pb,(OH),|(C1O,)..'*? Complexes containing lead in the anion have also been | 


described, e.g.:- 


(C10,) i CCAO sas 
biG Ac! and NalPba5 Acy<li 


also a complex in which lead is present in both anion and cation, [Pb,(OAc),| 


NalP 


[Pb(C1O,),!,3H,0.43 The dissociation of [Pb,(OH),|(C1O,), is governed by - 


the equilibria:- 


[Pb,(OH),|(C1O,), = [Pb,(OH),]?* + 2Cl0,) 
| = Pb?* + 2(Cl10,)° + Pb(OH),. 


In dilute solution the reaction proceeds to the right, precipitating lead 
_hydroxide.*** Neutralization curves of lead perchlorate have been interpreted 
as showing that plumbous salts hydrolyze in accord with the equations:- 


(1) Pb** +.4,0 = [PboHl* +H” 3 
(2) 4Pb?* + 4H,0 = [PbOHI{* + 4H*.235 


Anhydrous nitric acid and perchloric acid react at a low tempera- 
ture giving solid nitracidium perchlorate, [H;NO,]?*(C10;),.'°° By fractional 
crystallization from nitromethane this is separated into nitronium perchlorate, 


120 — 


When lead nitrate is dissolved in perchloric acid, — 


[NO,*I(C10,°), and perchloric acid monohydrate. Nitronium perchlorate has a © 
very low vapour pressure and dissolves in water with slight liberation of heat. — 


Raman spectra consist of the sum of the known spectra of NO,* and ClO, 
Interaction of phosphoric and perchloric acids gives a compound formulated as 
P(OH),CIO,. It forms orthorhombic crystals, m.p. 46~47°% Its conductivity 
in nitromethane shows the presence of perchlorate ions. The heat of solution 
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in that solvent is 13-9 kg.-cal. per mol., and the heat of formation 11-4 kg.- 
cal. per mol.‘°%'* Freshly precipitated Sb(OH), dissolved in warm 70% 
perchloric acid yields crystalline antimony oxyperchlorate trihydrate, SbOC1O 
3H,0. This compound decrepitates when heated above 60°, yielding ede 
of antimony: it is hydrolyzed by water.?°® Several workers'3°**! have pointed 
out the danger of trying to prepare bismuth perchlorate by the solution of 
bismuth metal in perchloric acid.**? Reaction of bismuth oxide and per- 
chloric acid, with constant removal of water, yields bismuth perchlorate 
pentahydrate,"*” while from more dilute solutions -BiO(C1O,),3H,O and 
BiO(C1O,),H,O are obtained. The monohydrate can be rendered anhydrous by 
heating to 80 ~ 100", and its conductivity is that of a uni-univalent salt, 
possibly [Bi(OH),|*(C103).’*? Conditions for the stability of the basic salts 
are described."* The potential between the N.H-electrode and a bismuth 
electrode in a molar solution of bismuth perchlorate is 0+289 y.'#5 Some 
Raman spectrum frequencies have been determined for both Bi(C1O,), and 
PiOGIO,.*°° 7 

A compound Se(OH);ClO, has been prepared by adding selenious acid to 
ice-cold perchloric acid, warming slightly to ensure solution and re-cooling to 
allow crystallization. The crystals are monoclinic and very deliquescent. As 
with the corresponding phosphorus compound, the presence of the ion Se(OH),* 
is shown by conductivity measurements in nitromethane; the heats of solu- 
tion and formation are 4-8 and 11-4 kg.-cal. per mol., respectively.'** 

Hydrofluoric acid forms with perchloric acid a stable compound [FH,]|* 
(Cl10,)".'*° The corresponding chlorine compound decomposed spontaneously 
with violence. Fluorine reacts with concentrated perchloric acid to yield 
the compound FC1O,, m.p. ~167+3° and b.p. ~15+9° at 755 mm?*” (See page 184). 
It is said to have a sharp irritating smell and to be highly reactive and explo- 
sive. Its reactions with I” and OH" are as follows:- 


FClO,+ 21 +> 1,+ Clo, +F’, 
and 2P ClO, + 40H) —- 0, + 2Cl0, + 2F + 2H,0. 


The perchlorates of the transition metals have not been investigated so 
thoroughly as those already described. The solubility of the perchlorates of 
lanthanum and the lanthanide elements has been investigated with a view to a 
possible method for the fractional crystallization of these metals in alkaline 
solution.*** Some hexa-antipyrine complexes, M(COC,H,,N,),(ClO,)3, have 
been examined for the same reason, and their properties are given in Table XLI. 


TABLE XLI.- PROPERTIES OF PERCHLORATES OF ANTIPYRINE 
COMPLEXES OF LANTHANIDE ELEMENTS? 
| Solubility (g./ 100 

c.c. solution at 20°) 


Appearance M.p.° 


Colourless, hexagonal | 290-295 
Colourless, hexagonal | 295=300 


Rose, hexagonal 285 — 289 
Green, hexagonal 286 = 291 
Colourless, hexagonal | 293—296 


An attempt to prepare solid ceric perchlorate by concentration of its 
aqueous solution was unsuccessful.’*? The product was a basic salt, pro- 
bably Ce,0,(ClO,),,12 H,O. An aqueous solution of the salt was ‘prepared by 
electrolytic oxidation of a solution of cerous perchlorate. Ceric perchlorate 
undergoes photochemical reduction in 2 M-perchloric acid on exposure to 
light of 310 mp, and oxygen is evolved.**° The reaction is heterogeneous, 
taking place on the walls of the containing vessel. The yield of oxygen is 
increased by packing the vessel, but is decreased by increasing the 
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concentration. Spectrophotometric studies of ceric perchlorate solutions 
show no evidence of the formation of any coloured complex ions:** the — 
solutions obey Beer’s law up to a concentration of 0-01 M. A study has also 
been made of the thermal reaction between the ceric ion and water in per- 
chloric acid solution.*** Neodymium perchlorate hexahydrate has been 
prepared by the solution of Nd,O, in perchloric acid.*** At 170° the water of 
crystallization can be removed, leaving a hygroscopic solid. The molar © 
refraction and absorption spectra of its aqueous solution have been investi- 
gated.*®* Gadolinium perchlorate octahydrate has been prepared.***"*> It is a 
deliquescent solid, very soluble in water and in alcohol. Raman spectra and 
frequency measurements on aqueous solutions of lanthanum perchlorate have 

been compared with those on other trivalent metal perchlorates.*” : 

A solution of vanadium™! perchlorate, blue in colour, is obtained by ~ 
electrolyzing a suspension of vanadium pentoxide in perchloric acid for 48 
hours in an atmosphere of nitrogen.**® Its absorption spectrum has been 
determined and analyzed into separate absorption curves for the V** ion and — 
its hydrolysis product (VOH)**. The heat of the hydrolysis, V** — (VOH)**, 
is 10 + 1 kg.-cal. at room temperature. Green crystals of chromium per- 
chlorate are said to be formed after some time in a reaction mixture in which 
chromic oxide has been dissolved in perchloric acid.*°*’ Chromic hydroxide 
reacts with perchloric acid to give chromic perchlorate, and a number of 
hydrated forms have been described, i.e. Cr(ClO,)3,n H,O, where n = 3, 5, 6, 9, 
LOtor 21 : 

A hydrated form of manganese perchlorate, probably a hexahydrate, 
was prepared by dissolving manganese carbonate in perchloric acid, fol- 
lowed by filtration and crystallization.*°° The compound melted (with 
some decomposition) at 165° decomposition was rapid at and above 230°, 
the products being oxygen, manganese dioxide and chlorine oxides. No — 
anhydrous salt was obtained. 

The crystal structures of the perchlorates of Mn, Fe, Co, Ni, Zn and Cd 
hexahydrates have been investigated,°* and shown to resemble that of lithium 
perchlorate trihydrate. The relevant data are given in Table XLII. 


TABLE XLII.- CRYSTAL STRUCTURES OF SOME 
TRANSITION METAL PERCHLORATES 


Cell dimensions 
(Hexagonal system) 


15°70 A. 
15°58 
15°52 
15°46 
15°52 
15°92 


Mercury and copper perchlorates are trigonal and monoclinic respectively. 

The preparation, analysis and hydrolysis of iron perchlorates have been 
described in a series of papers.***°* Ferrous perchlorate hexahydrate was 
prepared as long green crystals by adding 70% perchloric acid to ferrous 
sulphide in an atmosphere of carbon dioxide or nitrogen. The compound is — 
stable in air, but loses one molecule of water over 90% sulphuric acid, two — 
molecules over 95:6% acid, and four molecules over 96% acid in a vacuum. 
Its solubility in water rises from 978 g. per litre at 0° to 1161 g. per litre at 
60°, and its solubility in ethyl alcohol is 8654 g. per litre: the solubility in 
perchloric acid solution passes through a minimum at 9+30 M.acid. Ferrous 
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perchlorate is easily oxidized in solution, hydrolysis occurring according to 
the equation:- 


Fe** + H,0 = FeOH* + Ht. 


Ferric perchlorate decahydrate was prepared by heating ferric hydroxide with 
70% perchloric acid on a water bath under reflux for 10 hours. It loses one 
molecule of water over 75% sulphuric acid, and four over concentrated sul- 
phuric acid or phosphorus pentoxide. Its solubility in water is 1198 g./litre 
at O° and 1517 g./litre at 60°. There is no minimum in the curve of its solubi- 
lity in perchloric acid solutions.** The hydrolysis constant decreases with 
increasing concentration, and the heat of hydrolysis is 18-2 kg.-cal.'®* Ata 
given perchloric acid concentration, the hydrolysis equilibrium depends on con- 
centration of perchlorate ion.*®* The attainment of equilibrium in the reaction:- 


2Fe(ClO,); + 2Hg = 2Fe(ClO,), + Hg,(ClO,), 


is catalyzed by kieselguhr and various forms of active carbon, some of which 
can bring about equilibrium within one minute.**° The equilibrium constant is 
0-539 at 35° and infinite dilution, and AH = 20 kg.-cal./mol.**’ The kinetics 
of the reaction between ferric and stannous perchlorates in acid solution have 
also been studied.*°* The rate-determining step is the reaction between 
Fe(OH)** and Sn?+, From the behaviour of ferrous and ferric perchlorates in 
perchloric acid solution, it has been shown that the Fe?* ion diffuses more 
rapidly than Fe**;?® the diffusion coefficient of ferric perchlorate has been 
measured.*’” Some reduction of ferric perchlorate to the ferrous state by 
ultra-violet light has been observed from a study of absorption curves when 
this salt is dissolved in a number of solvents.’ Absorption curves for ferric 
perchlorate in the presence of hydroxyl, chloride and bromide ions are re- 
corded, and the absorption curve for free ferric ions has been deduced.*” 
Absorption of light by acid solutions of ferric perchlorate is thought to be due 
to the presence of [Fe(H,0)|**.*”* A number of complex compounds containing 
iron and the perchlorate ion have been prepared and studied;*”* these include:- 
[Fe,(CH,CI1COO),(OH),](C1O,),9H,O, [Fe;(OOC.CH,COO),(OH),IC1O,, [Fe;(CH,- 
(OH)COO),OH),|C10,,NaClO,,4H,O, and [Fe,(OOC.CH,CN),(OH),IC1O,,8H,0. 

Cobaltic perchlorate has been prepared from cobaltous perchlorate, both 
electrolytically and by the action of fluorine.*7* The yield is poorer in the 
latter case, and passes through a maximum when yield is plotted against time. 
This is presumably due to reduction by hydrogen peroxide formed in a side 
reaction. Using cobalt perchlorates in water labelled with H}*O, it has been 
shown that the hydrated cobalt!l and cobalt!!! ions exchange water molecules 
with the aqueous solvent.*”° Pyridine complexes may be prepared by reaction 
of the metal perchlorate with pyridine.** These are M(ClO,),,7.CsHsN, where 
n = © for M= Co, Ni, Hg and Cd; n=4 for M=Cu and Zn; andn=8 for M = 
Mn. 

The light absorption of solutions of nickel perchlorate has been studied.*”” 
The extinction coefficient shows continuous absorption in the violet region 
with a maximum in the red: dilution shifts the maximum towards shorter wave- 
lengths. The hydrolysis of nickel perchlorate in aqueous solutions is 
accelerated by light.*”* The deposition potential of Ni from N, solutions of 
nickel perchlorate is -0+49 v.*” ; 

For zinc perchlorate, osmotic and activity coefficients have been deter- 
mined:°™!®° the salt is found to be normally dissociated, in contrast to the 
zinc halides. Both zinc and cadmium perchlorates form tetra- and hexa- 
ammoniates.®° The solubility of cadmium oxalate is increased as cadmium 
perchlorate is added to its solution: this is attributed to the existence of an 
ion CdC,0,.Cd?*.*** A study of solubilities in the system mercurous per- 
chlorate-water shows the existence of two hydrates, with 2 and 4 molecules of 
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water respectively.*** Hydrolysis of mercurous perchlorate takes place in 


three stages:- 
Hg,(ClO,), > Hg,0.Hg,(ClO,), > Hg.(OH)C1O, — Hg,0. 


Mercurous perchlorate can be used as a volumetric reagent in determinations 
of iron:*** the procedure is to add potassium thiocyanate to the ferric solution, 
and titrate with mercurous perchlorate until the red colour disappears. 

Cupric perchlorate is prepared by dissolving basic copper carbonate in 
perchloric acid. Crystallization gives a heptahydrate,*** which is converted 
into the hexahydrate when kept over phosphoric oxide. This appears to be 
the most stable form, though tetra- and di- hydrates have also been described. 
The hexahydrate has m.p. 82+3°;*** its solubility is 54-3% in water at 23°, the 


density of the solution being 2+225, the molar heat of solution -4:6 kg.-cal. 


and the heat of formation in solution 64-7 kg.-cal.*** Various ammoniates 
including Cu(ClO,),,5NH;,2H,O and 3Cu(ClO,),, 1ONH, have been described.**® 
_A basic copper perchlorate is formulated as Cu(ClO,),,6CuO,H,O on electro- 
metric evidence,**’ and solubility products for a number of basic cupric per- 
chlorates have been calculated.*** Because of its greater stability, cupric 
perchlorate solution is said to be preferable to that of potassium iodate when 
used as a volumetric standard.**? Concentrated solutions of copper per- 
chlorate do not obey Beer’s law.*”° 


Silver perchlorate is prepared by treating silver nitrate with perchloric. 
acid, and heating to remove the nitric acid: excess perchloric acid is re- 


moved in a vacuum at 150°, and recrystallization from water (to remove any 
silver chloride) then gives a monohydrate. At 43°, dehydration to the an- 
hydrous salt occurs. This is very deliquescent, and should be stored in the 
dark over anhydrone. It is very light-sensitive when pure, but less so in the 
presence of a trace of perchloric acid. Silver peroxide dissolves in per- 
chloric acid with the formation of silver perchlorate and the liberation of 
oxygen.** The solubility in water ranges from 82-07% at 0° (density of 
saturated solution 2¢7251) to 86:21% at 35° (dsat = 29173). The solubilities 
of anhydrous silver perchlorate in 60=73+6% perchloric acid at 0° and 25° have 
also been reported.*"* The densities of aqueous solutions at 15° can be 
expressed by the empirical equation:- 


d,s = 0+99913 + 7+9183 x 107°p + 8-762 x 1075p? - 5-35 x 10°7p? 


where p is the g.% of anhydrous salt.7* The heats of dilution of aqueous 
solutions have been discussed in the light of the DebyeBjerrum theory.*” 
Silver perchlorate has the space group Tg or T, and a cell dimension of 6-92 
A.° A transition from the ordinary rhombic form to a regular isotropic form 
occurs at 155-159°,*° 

Silver perchlorate is remarkable for its high solubility in non-aqueous 
solvents, for example chlorobenzene, toluene, nitrobenzene, acetic acid, 
glycerol and benzene.*** In benzene (solubility 53 g. per litre) silver per- 
chlorate exists in several different polymeric forms, depending on concentra- 
tion,****°> and in dilute solution is present as ion-pairs. This is confirmed 
by measurements of the molar polarization’ and conductivity.**” The dipole 
moment of silver perchlorate in N/200 concentration in benzene is 47 D at 
25°,*°? increasing on dilution (to N/5000) to 10-7 D, which is close to the 
theoretical value for the ion pair.”°° Silver perchlorate is also associated in 
benzene~acetic acid mixtures.*°® The high solubility of silver perchlorate in 
these solvents is no doubt a consequence of its ability to form unusual addition 
compounds. From benzene solution the solid phase AgClO,,C,H, can be 
isolated. These compounds are liable to explode when struck.*”* 

The binary systems of silver perchlorate with aniline,*®® with toluene,” 


and with pyridine,” have been studied. In the aniline system, the compounds 
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AgClO,,nPhNH,, where n = 1, 2, 3 and 6, are described. Below 226° the 
solid phase isolated from toluene solution is the compound AgClO,,C,H,. The 
high solubility (50-3% at 25°) indicates that this compound is stable in solu- 
tion. The pyridine system gave the compounds a AgClO,,b C;HsN,where a:b 
= 1:2, 1:4 and 4:9. The solubility of silver perchlorate in pyridine varies 
from 4:0% at -41+:5° to 50-0% at 110°. Electrical conductivities for silver 
perchlorate have been measured in methanol,** ethanol,*? nitromethane** and 
nitrobenzene.**’ Silver perchlorate is ionized in anhydrous hydrofluoric acid,* 
and in hydrocyanic acid,** as it is in any medium of high dielectric constant. 
Solutions of silver perchlorate absorb much more acetylene before a 
permanent precipitate of silver acetylide is formed than do equivalent solu- 
tions of silver nitrate.”* ‘This is thought to be due to the formation of a 
complex of the type (C,Aga)n(Ag™)p with p > 4n. : : 
Uranyl perchlorate has been prepared by interaction in water of equivalent 
amounts of barium perchlorate and uranyl sulphate, followed by evaporation.?”” 
The crystals appeared to be rhombic; they give yellow solutions in water, 
alcohol, ether and chloroform, but are insoluble in carbon disulphide. Attempts 
at recrystallization from ethanol resulted in an explosion. UO," is the only 
stable ion of hexavalent uranium in aqueous perchlorate solutions at low pH.7% 
At pH > 3-0, hydrolysis is considerable. A study of the equilibrium, UO,* = 
UO,”* + e, and the disporportionation of the ion UO,* has been carried out in 
solutions of the perchlorates.*” Perchlorates of 4-, 5- and 6- valent nep- 
tunium have been prepared in solution.”° Trivalent plutonium forms a per- 
chlorate which is readily soluble in dilute acids giving a bright blue solution.” 
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SECTION XVII 


SPECTROSCOPY OF CHLORINE, BROMINE AND IODINE CHLORIDES, 
HYDROGEN CHLORIDE AND CHLORINE OXIDES, OXYACIDS AND IONS 


Optical Spectra. 


By R. F. BARROW 


THE CHLORINE ATOM 


The following Table gives a list of the more important work on the optical 
spectra of the chlorine atom. 


Spectrum 


bt ae 
ret ety beet et bet bet bet 
from Le 


AA, As 


2070 = 3354 
2070 = 3522 
3602 = 4819 
1230 = 2050 


4200 - 4700 
4000 = 9900 
4225 = 8700 
3900 = 5000 
2000 ~ 6600 


3000 = 12000 


3690 ~9200 
2200 - 6850 
1300 = 2250 

390 - 3850 
2321-6759 
2495 - 5457 
2251-4785 
2544 = 8393 
3096 ~6713 
2100 = 9483 


2469 = 5475 


286 = 5000 
331-757 


538 ~ 639 
671-724 


Notes 


Zeeman effect 
Note on multiplets 


Note on multiplets 
Note on analysis 
Stark effect 


Stark effect 


Zeeman effect 


Note on u.v. multiplets 


or 
ene 
== 
= 
up 
= 
= 
= 


Note on multiplets 


Note on quartets 
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Spectrum AA, A. Notes Reference 

V,VI 236-580 = 40 
VI 194 ~ 736 - 4] 

VII 800 - 813 a 42 
VII 174-813 = 43 
VIII = XI 39-60 - 44 
VIII ~ Theoretical: Vector 45 

Coupling 


The analyses of these spectra are collected in the tables of Moore.*® 
Summaries of wave-lengths are given in the Multiplet Tables of Princeton 
University*’ for ) > 3000A., and in the Ultra-violet Multiplet Table of Moore*® 
for A < 3000A. An atlas*® containing charts of Cl I and II lines has been 
published. 

Hyperfine structure in chlorine spectra has been reviewed.*° Jenkins™ 
found isotope shifts of the order of 0-001A.: Tolansky*? found that the separa- 
tion between **Cl and *’Cl in the line 4s°S, - 4p°P, of Cl II was 0-035 cm; 
Some of the interpretation of the earlier work*?**** is incorrect, for the nuclear 
spins of *°Cl and of *7Cl were wrongly taken to be 5/2, following the results of 
the difficult measurement of the intensity alternation in the band-spectrum of 
Cl,.°°9* Analysis of the microwave spectra of chlorine-containing compounds 
has. led to the accurate evaluation of a number of properties of the chlorine 
nuclei. The detailed interpretation of the absorption spectrum of CICN 
established®’ that the nuclear spins of **Cl and of *”Cl are both 3/2: the values 
of the nuclear quadrupole moments were also found. This information has 
been confirmed by studies of other molecules, in particular methyl chlor- 
ide.°*°° Hyperfine structure in the microwave spectrum of cyanogen chloride — 
(*°Cl) has been analysed™ to give the nuclear spin and the nuclear quadrupole © 
moment of this isotope. The atomic beam magnetic resonance method has 
been used®’ to investigate the hyperfine structure of the *Psy ground-states of 
*6Cl and *7Cl. ‘ 

The following values of nuclear properties have been taken largely from 
the review of microwave spectroscopy by Gordy, Smith and Trambarulo.® 


Mass Nuclear magnetic Quadrupole 
Nuclear Gee ek ; 
eae tatistics atomic moment moment 
mass units (nuclear magnetons) cm? x 107% 
esl 3/2 Fermi 34.97867 - 0+82191 -0:07894 
panne g = E ~0.0168 
AN ed BE Fermi = 3697750 0.68414 ~0-06213 


The ground state of the chlorine atom is an inverted doublet, with *P1 
lying at about 881 cm7', or 882-5 cm, above 7P3/, There are no very low- 
lying excited states. The term-values of Moore*® and of Avellén®™ for the 
lowest states are given below. 


Moore Avellén 


3s*3p*4s 7P1, 74861-24 74865.7 
*P¥ = 7422144 ~—74225.9 
*PY —72822:64 728271 
*P¥ 7248420 724887 
*Psy = 7195400 71958+5 

3s8*3p° 2PY 881 882-5 
*Py 0 0 
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_ Many of the ionization potentials of chlorine are known. The table below 
is taken from Moore, ° with the exception of the values in parentheses, which 
have been derived by Finkelnburg® by extrapolation. 

TABLE I.- IONIZATION POTENTIALS OF CHLORINE 


Initial State Initial State 


Ionization potential Ionization potential 


13-01 e.V. 
23°80 
39-90 


400-7 eV, 
45503 
(53 14) 


535 | (5940) 


67°80 (656-6) 

96+7 2 0 (749-6) 
114-27 (808-2) 
348+3 + 0-1 


The wave-length tables of the M.I.T.® list the following as the strongest 
lines of chlorine in the wave-length range 2000 to 100004.:- 


Wave-length, A. Excitation potential, V. 


4794-54 283 
4810-06 28+3 
4819-46 283 


They arise from Cl II. The raies ultimes were investigated by de la Roche:°® 
the excitation of lines of Cl in arcs has been noted.®* The spectrum of HgCl 
has been used to determine the relative amounts of the chlorine isotopes in 
enriched samples.” 
Wave functions for the chlorine atom and for the chloride ion, Cl’, 
have been calculated: the subject is reviewed by Hartree.” 

Intervals in chlorine multiplets have been considered by Bechert,” and 
-Watari’® has used self-consistent Hartree functions to calculate the interval 
"Py - 'Ps in the ground state of Cl I: depending on the choice of screening 
constant, he obtains for the interval -649, -796, -778 cm7* as compared with 


70,76 70-7 2,76 


the experimental value, ~881 cm7* 
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Measurements of the K lines of chlorine have been made by a number of 


workers.*"° 
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The wave-length shows some dependence on the source: thus 
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Lundquist’ gives the following wave-lengths for Ka, and Kay 


Source Ka, K a, 


Sie: Bate Eas ,» 4/18%33 XU. 4721+29'X.U, 
Chlorates: Na’, Kk 4716-15 _ 4719-10 
Perchlorates: Nat, K* 4715-38 4718-38 


Kq satellite lines have been studied by Stensson,’ Dolej$ek,? and by 
Parratt,'** who has also measured relative intensities. The origin of the Ky, 
satellites has been discussed."*"* The wave-lengths of the Kg lines*** also 
depend on the source: for example, the line Kg, appears with two components 
Kg, at 4394-2, K2** at 4390-6 X.U. as excited from sodium chloride, several 
other chlorides and sodium and barium chlorates, but as a single broad line 
Kg"! at 4393-3 X.U. from lithium chloride and several other chlorides.” These 
effects have been confirmed***® and discussed in relation to the electronic 
energy bands in the crystals.*” Some of the weak lines appear to arise from 
transitions of valence electrons belonging to one of the ions into a vacancy in 
the K-shell of the other ion. 

The K absorption band of chlorine has been much studied. The structure 
of its edge is often complex*® and its position is somewhat dependent on the 
source.*”*° The wave-length shifts of the edge have been studied in a wide 
variety of chlorine-containing compounds, ?*76*%%35 The ways in which the 
environment of the chlorine atom or ion may produce these shifts is discussed, 
- for example by Pauling.?” The relation of the energy difference between K 
absorption and emission is considered in relation to the ultra-violet absorption 
bands of the crystal by Das Gupta.**? The fine structure of the K edge*%** 
varies from compound to compound.**** A theoretical treatment has been given 
by Kronig*® (see also Petersen*’), who considers that the structure arises 
through transitions of K electrons into the energy bands in the absorbing 
crystals. According to this view, the structure of the edge is bound up with 
the electronic arrangement in the crystal. and, as might be expected, detailed 
agreement with theoretical prediction is lacking;** some of the approximations 
involved in making numerical comparison between theory and experiment are 
serious.*’ The effects are not confined to solid absorbers, for the K-structures 
in gaseous chlorine and hydrochloric acid are complex and differ one from 
another***? (see page 776). Emission lines appearing at the upper and lower 
limits of absorption edges are discussed by Saté.*° 

Absorption coefficients at wave-lengths below the K region have been 
measured.**** The results of Colvert*? between 0*496 and 2+288A. are in good 
agreement with those of Hansen** who studied the range 0-162 to 1-933A. The 
values of Woernle** extend from 2 to 10A., i.e. above the K region, but appear 
to be less reliable. Values of the mass absorption coefficients have been 
calculated** from 0-064 to 2-504. 

The L series in chlorine has been studied by Mohler and Foote***® by a 
critical potential method; they found limits at 62+5, 70:5, 786A. Levi*’ 
measured an L series potential corresponding to about 55A., and M at 507A. 
Siegbahn and Magnusson** made accurate spectrographic observations of the 
lines, and give the following wave-lengths; Ly at 67+25A., Ly at 67-84A. A 
number of other lines, dependent on the nature of the source, was also found.** 
Intervals in the X-ray spin-doublets of the L and M series have been calcu- 
lated. *° 

The soft X-ray region has also been studied in absorption: the Lyy limit 
for chlorine lies at 61-1A.;°"** structure in the L absorption band arising from 
the transition of an L electron to an optical level has been observed.” 
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The calculation of absorption edges from optical and X-ray line data, and 
the application of the regular doublet law have been considered. Tables 
have been published™ giving empirical mass absorption coefficients for wave- 
lengths below the K limit and between the Ly, and My limits. The efficiency of 


Spree ; : 55 
fluorescence of K-radiation from chlorine has been determined. 
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THE CHLORINE MOLECULE 


The absorption spectrum of chlorine has attracted much study. It con- 
sists of a series of bands, sharply degraded to longer wave-lengths, which 
have been observed from about 58004. to a convergence limit at about 47854; 
at shorter wave-lengths there is continuous absorption, with Amax ~3300A.** 
Following several sets of measurements,*° the correct vibrational analysis of 
the band-system was given” from a study of the vibrational isotope effect. A 
complete list of bands is given by Weizel.” The system is very weak, so that 
for observation of the outlying bands at the long wave-length end of the sys- 
tem, a path of 33-6 metres at 2 atmospheres was used.*° The structure of 
several bands has been analysed by Elliott,** who found that the bands of a 
given isotopic species consist of single P and R branches. Shrader’* has 
analysed one of the bands of (*’Cl),, using an isotopically enriched sample. 
Mulliken’® showed that the transition is “f,+ (0%) - Dae Both Elliott and 
Shrader found values for the nuclear spin from the difficult measurement of the 
relative intensities of the band-lines, obtaining i = 5/2 for **Cl and *’Cl res- 
pectively: it is now known, however, that the correct value for both isotopes 
is 3/2. The other constants derived from the analysis of the bands are in 
good agreement with the results of other work. Thus the value AGY; = 556.9 
cm: for the gas may be compared with the value 556 cm:* obtained** from 
observation of the Raman shift in liquid chlorine. Similar concordance is 
shown by the figures which have been obtained for the internuclear distance:- 


State Method Re CAS) Reference 
995 (r5) 11 


Gas Band spectrum 1 

Gas Xeray diffraction 2-0 15,16 
Gas __ Electron diffraction 2-01 17 
Liquid X-ray diffraction 2-01 18 


, The circumstance that the potential curve for the shallow upper state, 
Ou, (for which rg = 2+47,A.) happens to be so disposed with respect to that of 
the ground state that the observable transitions in absorption lead, as the 
wave-length decreases, first to bands of higher vibrational quantum numbers 
in the upper state, and finally to continuous absorption, makes possible the 
determination of a very reliable value of the dissociation limit.**°™ The 
point where the energy difference between successive bands, [(v'+1,0) = 
(v', 0)], falls to zero gives the energy required for the dissociation of a mole- 
cule in the state 0, above the energy of v® =0 in 1x4. The atomic products 
at this limit are***? Cl(?7P) + Cl(*P1/), so that the energy of dissociation of 
the molecule is obtained by subtracting the atomic energy of excitation of 
Cl(?P1/) from the energy corresponding to the limit. Thus calculated,” 
Di(Cl.) = 57-08 kg.-cal. 

The variation of extinction coefficient with wave-length in the visible and 
ultra-violet absorption spectrum of chlorine has been examined in some detail. 
von Halban and Siedentopf**** made a few accurate observations of the absorp- 
tion at room temperature, but their results at the longer wave-lengths are 
incorrect, and no absorption can be detected*® between 6000 and 115004. 
Mrozowski** examined the absorption of the mercury line 5461A. Studies of 
the absorption in strongly dried chlorine indicate, reasonably enough, that the 
convergence limit is unchanged by drying the gas.*° Measurements” in the 
region 5040 to 5320A. and a wide series of observations” in the range 2660 to 
4250A. at several temperatures between 18° and 765°C. have been reported; 
the region between 4020 and 5430A. has also been studied” at temperatures 
between 18° and 709°C. 

The theoretical analysis of the variation of the intensity of the continuous 
absorption with wave-length is capable of yielding important information about 
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the transition and about the potential energy curve for the upper repulsive 
state. If it is assumed that the Franck-Condon principle holds, then the 
intensity of a transition in absorption is proportional to fp, ".dr]?, where 
Wy! and wy” are the vibrational wave-functions for the upper and lower states. 
Quite simple assumptions have been used with success. For example, the 
upper potential curve may be represented by a straight line (at least over small 
ranges of r) and W,! by a so-called O-function different from zero only at the 
classical turning-point: the function pit! has then simply to be reflected at 
the upper potential curve and finally to be multiplied by v in order to obtain 
the desired intensity distribution.*° The effect of temperature is to change 
the populations in the lower vibrational states in a known way,””*” and thus 
its study facilitates the analysis.**** However, if the simple reflexion method 
is adequate, the variation with temperature may be calculated from the ex- 
pression:-*° 


max 6 4% @ -) 
ep(v) = €@* [Tanh Ca) exp - [Tanh (sa are 


In this, 0 = 1:439@,, where @, is the vibration frequency for the lower 
state in cm?* 
v, is the frequency corresponding to the absorption maximum. 
Av,* is the half-width of the absorption curve at 0°K., and 
€™4x is the extinction coefficient at the maximum at 0%. 

The temperature variation for ¢™** is given simply by:- 


coe web [Tank (OT 


A comparison of calculated and experimental values of € is given’® in Fig. 1. 
It will be seen that the calculated values reproduce the observed trends 
rather well: it does not follow, however, that the assumptions made in this 
simplified treatment are justified, for the dipole strength certainly varies with 
internuclear distance. Fortunately, the effect on the intensity distribution of 
this variation seems likely to be small.*” 

Theoretical treatments of the distribution of intensity in the chlorine con- 
tinuum have been given.”°**5® Aickin and Bayliss” were able to resolve 
the continuum into two components, A and B, with the following characteristics: 

Transition a ene Notes 
Ae o> OG" uc 
i me uw "2g 
31, << ist 
The upper state *I],+ of the B complex is the upper state of the transition 
giving banded absorption at A> 4785A. The states ‘II, and iy dissociate to 
give Cl(*Py) + Cl(*P%), whereas ‘I],4 gives Cl(?P%) + Cl(??P1/) on dissociation. 

Below the A continuum, which has been followed down to about 2500A., 
there lies a further absorption continuum in the Schumann region. The ob- — 
servations®® extend as far as 1560A.: the value of Amax is not known, nor have 
extinction coefficients in this continuum been measured. 

When gaseous chlorine is excited in a discharge tube, there may be ob- 
tained, according to the conditions, bands of the A “II,4 — X HE: system, a 
number of continua or quasi-continua especially in the ultra-violet region at 
X < 3065A., or bands attributed to the molecule-ion, Cl,* (see page 632). 
Thus von Angerer*’ observed a continuum with a long wave-length limit at 
about 3180A., and bands with Amax = 3200, 2650A. were obtained by Ludlam 
and West.*° Bloch and Bloch** examined a fluorescence spectrum. Continua 


emitted in the hydrogen=chlorine flame**** have been ascribed to a recombina- 
tion process:- 


ol 4250 A. 


Cl + Cl* = Cl, + he, 
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291°K 


60+ €7(v) 


50 


30 


20 


10 


Dineen ee Dooney) 28° 294430; 3), 932. 33-34: 35.36 37 38 x 10%(cm-1) 


Fig. 1. THE ABSORPTION SPECTRUM OF GASEOUS CHLORINE 
AT DIFFERENT TEMPERATURES 
THE POINTS ARE FROM THE MEASUREMENTS OF 
GIBSON AND BAYLISS:** THE CURVES ARE CALCU- 
LATED BY SULZER AND WIELAND.°® 


The flame also emits bands of the A - X system:** the system and the recom- 
bination continuum also appear in emission from heated chlorine***’ and from 
the photodissociation of lead chloride vapour.*® 

Earlier views*»*? about the origins of the 2580 and 3065A. continua are 
incorrect.°”* Elliott and Cameron*”** made the significant observation that 
the 2580A. band, as excited in active nitrogen, shows discrete vibrational 
structure with intervals around 220 to 250 cm.* Thus this ‘continuum’ is 
certainly not, as was at one time suggested, an electron. affinity spectrum, 
Cl + e'=Cl° + hv. The intensity of the 2580 system relative to that of the 
other ultra-violet continua is much increased in active nitrogen as compared 
with the intensities in the electrodeless discharge, suggesting that the initial 
states are different. Later measurements” of the emission ‘continua’ in the 
region 1835 to 3065 A. lead to their attribution®® to transitions from three stable 
upper states of the chlorine molecule to repulsive or nearly repulsive lower 
states. This fits with Cameron and Elliotts’ views®* about the nature of the 
2580 transition, although theirdetailed interpretations differ, Venkateswarlu’s 
upper states are:- 


(Ogu) (tg)(Ou)? 1g (Hg) T, ~ 75000 cm;* 
(og) 7u)*(rg)*(u)? le (The) T, ~ 67700 
(ogtu(mg)"(Cu) lu C2H) T, ~ 58000 
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It seems doubtful if this scheme is correct in all particulars, and further 
experimental work is clearly required. 

The constants for the states of the chlorine molecule, **Cl,, are collected 
in Table II. 


TABLE Il. - SPECTROSCOPIC CONSTANTS FOR THE MOLECULE *‘cl, 


(~ 75000) stable 
(~ 67700) stable 
Vinax 7 64100 unstable 
(~ 58000) stable 


| Vmax © 30300 unstable 


Vmax ~ 238925 unstable 


18 147-4 5042 
4.0 


The absorption spectrum of crystalline chlorine at liquid nitrogen tempera- 
tures has been studied®” at A > 2100A. The main absorption band occurs at 
4900 to 5100A., but there is further continuous absorption in the ultra-violet 
region. The pure quadrupole spectrum of solid chlorine at the same tempera- 
ture has also been observed.***? It consists of a single line at 54+248 Mc. 
(>Cl,): eQg is then (—)108°5 Mc. The value for the free atom is ~110+4 Mc., 
and it therefore appears that the bond in the molecule uses essentially a p- 
orbital, with little, if any, s-hybridization (see page 633). 

The absorption spectrum of chlorine dissolved in carbon tetrachloride is 
much like that of the gas: Gillam and Morton® found Amax = 3320A., €max = 99. 
Even solution in water produces no change in the spectrum in the region 3500 
to 4200A., although at shorter wave-lengths the absorption increases toa 
maximum®’* below 2700A. The character of the absorption does change, 
however, if chlorine is dissolved in benzene or m-xylene:™ the maximum 
shifts to about 2900A., and the results have been interpreted by assuming the 
formation of a 1:1 complex. Values of K given by [Cl,][Arl/[Cl,:Arl] at 25°C. 
and of € for the complex are as follows:- 


SOlVent ys examples K 


Benzene 9090 0-33 
m-Xylene 6340 0:62 


Reference has been made to some of the large body of work by Mulliken**® 
on the interpretation of the spectrum of the chlorine molecule. He has con- 
sidered the electronic arrangements in some detail, has predicted the existence 
of a number of states at high energies and has estimated ionization potentials.™ 
The results of calculations of the absolute intensity of the transition in the 
long wave-length absorption band are in close agreement with the observed 
values.*’ Mulliken has also given an interpretation of the high-intensity 
ultra-violet absorption spectra of the complexes formed between the halogens 
and derivatives of benzene. It is clear that theory has outstripped direct 
observation, and that more experimental work, especially in the Schumann 
region, is required. 

The potential energy curve for the ground-state of chlorine deviates very 
little from the Morse curve,®* but the Morse function gives only a poor re- 
presentation of the state A*I],+.7 Relations between energy of dissociation, 
force-constant and internuclear distance have also been considered. °°” 

Thermodynamic properties of chlorine gas have been evaluated:® the 
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spectroscopic value for the entropy is in good agreement with the calorimetric 


value. 
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THE CHLORINE MOLECULE ION, CL* 


The emission spectrum of Cl,* may be obtained by passing a discharge 
through a stream of chlorine gas. It consists**” of a series of bands stretch- 
ing from about 5100A. to longer wave-lengths, grouped in pairs separated by 
about 140 cm%* at intervals of about 300 cm:* The band heads are indefinite. 
The even multiplicity indicates that the emitter is an odd-electron molecule 
and strongly supports the identification of the emitter as CLE The analysis 
leads to the following constants® for (*°Cl,)*:- | 


we” = 645-3 cms’, %e" We” = 2-9 cm,’, re” = 1-B91A., Te = 2529A. 


It is not, however, entirely satisfactory: according to Howell® the doublet- 
splitting (~A) expected in the lower state, *I]j, is about 600 cm%*, and the 
vibration frequencies are probably @” ~ 630, w’ ~ 310 cmz*. The difficulties 
in the analysis arise through the near-equalities, A~ @", w ~ 2a’. 

The energy of dissociation may be obtained from the cycle:- 


D, (Cl; ). =D, (Cl) +L PCD eee 
with Mackay’s value® for the ionization potential of chlorine, this gives:- 
Dy (C1,*) = 2-23 ev. or 51:4 kg.-cal. 
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BROMINE MONOCHLORIDE, BrCl 


The non-additivity of the absorption spectra of mixtures of chlorine and 
bromine (especially when allowed to equilibrate under ultra-violet light) 
settled the controversy about the existence of bromine monochloride.’ This is 


seen from the following figures* for the absorption maxima, for solutions in 
carbon tetrachloride:- 


max Molar extinction coefficient 
CL 3320A. 99 
Br, 4170 208 
BrCl 3800 97 


Refs. p. 634 


18 , SPECTROCHEMISTRY 633 


Measurements of this kind have been used to determine the thermodynamic 
constants for the formation of bromine monochloride:* studies have been 
reported of the gaseous equilibrium,* and of the equilibrium in carbon tetra- 
chloride solution,’ giving Amax = 3700A. Earlier work has been reviewed® 
and tables of thermodynamic properties and of equilibrium constants for 
temperatures between 298° and 2000°K. have been given.’ 

The details of the visible and ultra-violet absorption band-systems of the 
gas do not appear to have been much studied: measurements have been made, 
but they have not been published.* Proceeding to shorter wave-lengths, a 
second region of absorption is found with Amax = 2150A. At still shorter 
wave-lengths, two band-systems have been found® in the Schumann region. 
The constants for these states are given below:- 


State die We  XeWe 
D. 61600 AGy =504 
cs 59362 519 2:9 
B 46500 - - 
A 27000 = - 
ox 0 AGy = 430 


The approximate value of the ground state vibration frequency has been con- 
firmed by observations of the fundamental vibration band’ at 439+, cm?* and ofa 
Raman shift’ of 428 + 2 cm.” in carbon tetrachloride solution. The dissociation 
energy may be obtained from the standard heat of formation of the gaseous com- 
pound, and the heats of dissociation of gaseous chlorine and bromine. The 
values given in the National Bureau of Standards list*® are, at 298+16%K.:- 


f (BrCl) = + 3-51 kg.-cal. 
f (Cl) = +29-01 
OF (Br) = 426-71 


Thus D,,, (BrCl) = 52:21 kg.-cal., or D, = 51:5 kg.-cal. 

The rotational constants for the ground-state have been determined with 
great accuracy from lines in the micro-wave region.** The lines observed 
correspond to the transitions J 1<- 0 for v” =0 and 1. The internuclear dis- 
tance, re, was found to be 2+138 x 10°° cm. Interpretation of the Stark effect 
leads to the value 0-57 + 0-02D. for the dipole moment. From these observa- 
tions, precise values of the mass-ratios m (**Cl)/m (°’Cl) and of m(7Br)/m 
(**Br), and of the quadrupole coupling constants were also obtained. 

The electric charge of a nucleus with spin greater than one-half is general- 
ly not spherically symmetric. The interaction of nuclear spin with molecular 
rotation may then lead to a splitting of the rotational levels called nuclear 
quadrupole hyperfine structure. The quantity measured, the nuclear quadru- 
pole coupling constant, is equal to eQq, where e is the electronic charge, Q 
is the nuclear quadrupole moment, and qg is written for 0?7V/dz* where V is the 
potential of the electric field at the nucleus for which the coupling is mea- 
sured, and z is the co-ordinate along the symmetry axis. The interest of 
these measurements is considerable and arises because of the possibility of 
evaluating q; if Q (constant for a given nucleus) may be measured independ- 
ently, e.g. in atomic beam experiments. q is determined by the electronic 
structure near the nucleus in question and the effects of the nuclei and elec- 
trons from other atoms nearly cancel. Further, closed-shell and s electrons 
make no contribution to qg, the contribution from three equally filled p orbitals 
is also zero, and the contributions from electrons in states other than p is 
usually negligible if there are ‘unbalanced’ p electrons present. The measure- 
ments may therefore be interpreted to give the number of unbalanced p elec- 
trons, thus throwing significant light on the chemical binding in the molecules 
concerned. The following results** illustrate the findings:- 
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Number of unbalanced p electrons (molecular eQq/|2 x atomic eQq]) 


Molecule From Cl Molecule From Br 
Cl, (solid) 0-99 Br, (solid) 0-99 
BrCl (gas) 0-94 BrCl (gas) 1-14 
ICI (gas) 0°75 = 


NaCl (gas) 0-01 NaBr (gas) 0-01 


A value of 1:0 would correspond to a pure p-p bond: lower values could 
arise through (sp) hybridization or from a high degree of ionicity. It appears 
that in Cl,, Br, and BrCl the bonding is predominantly p-p, whilst that in 
NaCl and NaBr is highly ionic. The figure for ICl can be interpreted by 
saying that the bond has 25% ionic character. 

The arrangement of electrons in the excited states of bromine monochloride 
has been studied theoretically by Mulliken?*7° The excited states of the inter- 
halogens XY are somewhat different from those of the halogens X, because of 
their lower symmetry. The upper states of bromine monochloride are formu- 
lated as follows: 


D (e773, Th,lo*) 0,1 
C (lo*n&y7p,, 410%) 2,1 
B o*nt7p,0%, 
A ont 75,0%, ** TT 
Thus states C,D are related to the ground-state of the ion Br*Cl, with Q-s 


(J-J like) coupling between the Br'Cl core and the o* excited electron: A 
and B arise by excitation of a 7 electron associated with the bromine atom and 


with the chlorine atom respectively. The predicted ionization potentials are 
12-43 (7p,) and 13-66 (7c) ev. A calculation of the bond-moment in bromine 
monochloride has been made.** An account of the infra-red spectrum of bro- 
mine monochloride has been published,”* too late for consideration here. 
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IODINE MONOCHLORIDE, ICI 


The spectrum of iodine monochloride has been much studied, both experi- 
mentally and theroetically. The main absorption in the visible region corres- 


ponds to a transition A*II, < x3 
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assigned to this system*’ which has been followed from about 88004. nearly 
to the convergence limit at about 5750A.: beyond this limit is continuous 
absorption, with a maximum at about 4700A. A rotational analysis of the 
system A-X has been carried out.’ Bands of a weaker system, B*II,4+ < 
I> Slievat aves lengths below the Boge creenee limit.°° These bands end 
abruptly at v' = 4, and transitions to v‘ = 4 are diffuse. The state A°I, 
gives, on Hicson rion: ground state atoms IePey )+ Gl(2P 37): B*tl,+ is formed 
from 1(?P 4) n iCICP 4), andi is concluded”?° tha? the state B is predissociated 
by a state B‘0” which arises from the ground-state atoms. The level v’ = 4 
lies at about 600 cm%* above the level of dissociation into normal atoms, 
while the energy of excitation of Cl(?P1s) above Cl(*P¥) is 881 cm" Brown 
and Gibson? were able to resolve some rotational structure at energies above 
the predissociation point, which may be ascribed to a transition B‘0* < Xd}: 
however, not all the lines are sharp, and there is evidently considerable 
mixing of the levels B+B 

At shorter wave- lengths, there is found a region of continuous absorption 
at about 2400A.:"? extinction coefficients in this continuum were measured by 
Binder’? at temperatures between 293 and 685°K. The wave-length of maxi- 
mum absorption was found to be 2440A. The absorption followed Beer’s law 
at the pressures studied. The upper state responsible for this continuum 
may perhaps be identified with B’ O* Further band- -systems in the Schumann 
region have been discovered in absorption.**** 

Little is known of the emission spectrum of iodine monochloride. Filip- 
pov’* mentions briefly the spectrum emitted in presence of nitrogen, and Asundi 
and Venkateswarlu’® have published a more detailed description of a dis- 
charge through the vapour of iodine monochloride. Some eight diffuse bands 
in the region 18750 to 27050 cm** are found: they are considered to arise from 
transitions from stable upper states to sets of repulsive lower states. Con- 
stants for the electronic states are collected in Table III. 


TABLE III.- CONSTANTS FOR THE ELECTRONIC STATES 
OF IODINE MONOCHLORIDE 


State Ts 


(430) 
(430) 


<20321 
<20321 


(242) 
209675 | 
384-18 


Iodine monochloride was the first diatomic molecule whose pure rotation 
spectrum was investigated by the methods of micro-wave spectroscopy. 
Weidner*® studied the transition J 1<- 0, and subsequently corrected his 
results for the by no means inconsiderable nuclear quadrupole effects.’’ The 
transition J 4 <~ 3 has been studied under high resolution.** It is a complex 
spectrum; what would be a single transition for the ground-state of a single 
isotopic species is here broken up into about 150 lines by nuclear quadrupole 
effects.*° Fortunately most of the intensity is concentrated in a smaller 
number of lines, of which about 25 were measured. The values of the rota- 
tional constants are in excellent agreement with the results of the rotational 
analysis of the A~X system,’ thus:- 


Be iol Qe 
Electronic spectrum: 0-11414 0-000502 cm:* 
Micro-wave spectrum: 0-114162 0-000536 
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The mass-ratio m (*5Cl)/m (*"Cl) was found to be 0+945980 + 0-000005, in 
good agreement with the ‘value 0-945977 + 0-000004 deduced from the micro- 
wave-spectrum of chlorine monofluoride (see page 224), From intensity 
measurements, the dipole moment was found to be 0-65 + 0-06D. The quadru- 
pole coupling constants eQq were also evaluated: their significance has 
already been considered (see page 633). 

The dissociation energy of iodine monochloride is found from the conver- 
gence limit in the system A-X, at 17365 cm.* This limit corresponds to 
dissociation into normal atoms,”°! so that Dj’ = 17365 cm** or 49-64 kg.-cal. 

As is the case with other halogen molecules, understanding of the elec- 
tronic states of iodine monochloride has been greatly furthered by the theoreti- 
cal studies of Mulliken (see page 634°**°). The states of iodine monochloride 
are analogous to those of bromine monochloride discussed above. The pre- 
dicted (vertical) ionization potentials are 11-16 (a) and 13-66 ev. (7c). No 
adequate treatment of the absolute intensities in the longer wave-length part 
of the spectrum of iodine monochloride can yet be given, for more transitions 
are expected than have yet been observed. 

Computations of the bond-moment have been carried out, and the rela- 
tion between force-constant and polarizability has been considered.™ 

Measurements of the apparent extinction coefficient of iodine monochloride 
at 5615A. in presence of a foreign gas have been made.** The solutions in 
inert solvents such as carbon tetrachloride:and chloroform are brown and their 
absorption spectra are similar to those of the vapour,7°?” with Amax ~ 4600A. 
With oxygenated solvents, on the other hand, such as ether, ethyl acetate and 
acetic acid, solutions are yellow, with Amax © 3550A. The peak value of 
the extinction coefficient is little changed. Mulliken?® considers that this 
behaviour indicates the formation between the monochloride and the oxygenated 
solvent of complexes having structures similar to those of the better-known 
iodine complexes, but more tightly bound, and near that of a normal valence 
compound of oxonium type. Evidence for the formation of 1:1 complexes with 
benzene and substituted derivatives has been put forward:*° the complexes 
are characterized by a strong absorption band with Amax © 3000A. Inthe case 
of benzene, for example, max = 9900, and the equilibrium constant, [IC [C.H,]/ 
[IC1.C,H,] has the value 4-76 at 25°C. 

Solutions of iodine monochloride in aqueous hydrochloric acid or sodium 
chloride show a new absorption band at 3420A.”’ with an extinction coefficient 
greater than is found in the other solutions. 

Thermodynamic properties, and the constants for the dissociation of iodine 
monochloride have been tabulated over the range 298 to 2000°K.” 


22,23 


References 
I Gibson, G, E. & Ramsperger, H.C., Phys. Rev., 1927,30,598-607. (22, 354) 
2 Gibson, G.E., Z. Phys., 1928,50,692-6. (23,2361) 
3 Wilson, E.D., Phys. Rev., 1928,32,611-7. (23, 769) 
4 Patkowski, J. & Curtis, W.E., Trans. Faraday Soc., 1929,25,725-36. (24,1026) 
5 Curtis, W. E. & Darbyshire, O., Trans. Faraday Soc., 1931,27,77-87. (25,2051) 
6 Darbyshire, O., Phys. Rev., 1932,40,366-79, (26,4253) 
7 Curtis, W. KE. &Patkowski, J., Phil. Trans. 1934,A232,395-430. (28,2616) 
8 Gibson, W. E. & Rice, O.K., Nature, 1929,123,347-8. (23, 2658) 
9 Brown, W.G.@ Gibson, G.E,, Phys. Rev., 1932,40,529-43, (26,3727) 
10 Van Vleck, J.H., Phys. Rev., 1932,40,553-4, (26,3727) 
11 Cordes, H. &Sponer, H., Z. Phys., 1930,63,334-44, (24,5625) 
12 Binder, J.L., Phys. Rev., 1938,54,114-7. (32,7342) 
13 Cordes, H. &Sponer, H., Z. Phys., 1932,79, 170-85. (27,1271) 
14 Filippov, A., Z. Phys., 1928,50,861-73. (23, 340) 


15 Asundi, R. K. & Venkateswarlu, P., Indian J. Phys., 1947.21.76-82. 
16 Weidner, R. T., Phys. Rev., 1947, 72, 1268-9. as apa 


(42,1508) 


18 SPECTROCHEMISTRY | 637 


17 Weidner, R. T., Phys. Rev., 1948,73,254. (42,1822) 
18 eves C.H., Merritt, F. R. & wright, BoOD., Pies: Rev., 1948,73,1334-7. (42,8085) 
19 Gordy, W., Smith, W. V. & Trambarulo, Bee's, ’ Microwave Spectroscopy, 


New. York, London, 1953. (47,9160) 
20 Mulliken, R.S., Phys. Rev., 1931,37, 1412-5. (25,509 1) 
21 Gaydon, A.G., Proc. Phys. Soc., 1946,58,525-38. (41,1554) 
22 Ri, T. & Murayama, N., Proc. Imp. Acad. Japan, 1944,20,93-9. (43,5240) 
23 Glazer, H.& Reiss, H., J. Chem. Phys., 1953,21, 903-7. (47,8439) 
24 Fripiat, J., Bull. Acad. Roy. Belg., 1945,31, 39-60. (40 ,6906) 
25 Kantzer, M., J. Phys. Radium, 1944, 3, 121-36. (39,2696) 
26 Gillam, A. E. & Morton, R. A., Proc. Roy. Soc., 1929,A124,604-16, (23,4887) 
27 Gillam, A.E.&Morton, R.A., Proc. Roy. Soc., 1931,A132, 152-67. (25,5091) 
28 Mulliken, R.S., J.A.C.S., 1950,72, 600-8. (44,5211) 
29 Cole, L. 'G. & Elverum, G. Watts Chem Phys., 1952,20, 1543-51. (47,7271) 
30 Keefer, R. M. & Andrews, Tie spell eet 0; 12. 5170-3, (45,5116) 


HYDROGEN CHLORIDE 


Rotation Spectrum. 

The infra-red spectra of the gaseous hydrogen halides played a most 
important part in the development of the spectroscopy of diatomic molecules:**° 
for a summary, see, for example, Jevons.** The first measurements of a pure 
rotation spectrum were made’*”* on hydrogen chloride in absorption by means 
of a grating instrument. A residual-ray technique was later used** and more 
recently lines in the extreme infra-red have been measured,**® and accurate 
observations*® have been made both on hydrogen chloride and on deuterium 
chloride. The spectrum has also been observed in emission,*’ using as 
source the flame of hydrogen burning in chlorine: here lines were observed 
not only from v' =0, the lowest vibrational level, but also from v’ = 1. 

The rotational energy of a diatomic molecule may, with certain reserva- 
tions, be written:- 


F(J) = BJ(J +1) -DI?(J + 1P +++, J =0,1,2 +65. 


In the present case, the selection rule AJ = +1 operates, so that the wave-. 
number of the /th line is:- 


UJ) = F(J +1) - F(J) 


2B(J +1) =+4D(J+1P ++. 


where B = h/87’cl, with J the moment of inertia, and D © 4B8*/w? is a constant 
expressing the centrifugal expansion of the molecule. Generally, B >> D, so 
that the rotation spectrum consists of nearly equally spaced lines, 2B cm.* 
apart.*® Measurements of this spectrum are collected in Table IV. The 
calculated positions of the lines are from values of B and D determined from 
the vibration-rotation spectrum. They fit well with the observed positions up 
to J = 10, but the differences between observed and calculated values increase 
systematically at high values of J, This is no doubt due in part to the neglect 
of aterm +6H(J + 1)° in WJ). 

Measurements of the absolute intensity of absorption in this spectrum have 
been made,’® and the line-widths have been studied.®° 


Il 


' Vibration-rotation Spectrum. 

The vibration-rotation spectrum of hydrogen chloride has been | much 
studied: a review of the earlier work is given.in Jevons’ report.*° The 
vibrational energy of a diatomic molecule may be written:- 


2 
Gy = @e(v + 4) -— Xeae(v + 4)? tees, 
v =0,1,2+ + +, where @e is the vibration frequency and %gWe is an anharmonic 
coefficient: @e >> XeWe. The fundamental absorption band corresponds to 
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TABLE IV.- THE ROTATION SPECTRUM OF' HYDROGEN CHLORIDE 


15 16 


Values of v, cm. 
20-28 20°85 


41-75 41-69 
62+ 60 62-50 
83-40 83-28 
104-16 | 104-01 


Reference: |12,13,18 


- 20°8 = 
- 41-6 org 


83-03 | 83-1 83°32 
104-1 = 104-13 


2 569-66 | 568°85 


9 51664 
30 589-6 | 584-67 | 583-83 
| 31 | | 609-4 | 599.28 | 598-43 
a2 | 623-4 | 613-49 | 612-62 


§ Calculated, with constants from Mills, Thompson 
and Williams.** 


124-30 = 124°73 = 124°85 | 12467 . 
145-03 - 145°37 = 145¢47 | 145°25 
165-51 - 165-89 os 166-00 | 165°75 
185°86 | = 186+ 23 = 186¢42 | 18615 
20638 = 206-60 = 20674 | 20644 
10 226+ 50 = 22686 eal 22692 | 22659 
11 = o — bet 246-97 | 246-61 
12 nd = = 7 266¢87 | 266°48 
13 - = = mm 286-60 | 286-19 
14 = oe? ee a 306-16 | 305-70 
15, oe by ms = 325°52 | 325-05 
16 Ge a4 * 345°6 | 34468 | 344-18 
17 = me i 364°6 | 363-64 | 363-10 
18 a = se 384-2 | 382+35 | 381-80 
19 = = be 403-4 | 400-84 | 400-25 
20 es og a2 422-1 | 419-06 | 418-46 
21 ae i God 440-1 | 437-03 | 436-39 
22 = * = 458-3 | 454-71 | 454-05 
23 2 - = 4744 | 472011 | 471-43 
24 7 5 “s 494+3 | 489-20 | 488-49 
25 = = a 511-2 | 505-97 | 505-24 
26 a ay a 5277 | 522642 | 521-67 
27 ey = “ 542°9 | 53852 | 537°75 
28 on os = 561-1 | 554°28 | 553-47 


the transition (v = 1) < (v =(0). Overtone bands, 2 <- 0, 3 <—- 0 etc., may 
also be observed, although the intensity decreases rapidly as Av increases. 
A vibration-rotation band is the totality of allowed rotational transitions (in 
the present case, AJ = +1) associated with a given vibrational transition. The 
spectrum is somewhat more complicated than the pure rotation spectrum, for 
the change in the rotational constant 5 with v is not negligible, and we may 
write:- 


Bo = Be = av ar 5. 


The fundamental band of hydrogen chloride lies at about 3-5 p. The 
rotational structure of this band has been resolved:”° additional lines were 
measured later in the spectrum of the heated gas.”»? The first harmonic 
(2-0 band) was found” at about 1-76 p. Higher harmonics lie at wave-lengths 
in the region of the infra-red accessible to photography, and may be studied 
with grating spectrographs of high resolving power. The 3-0 band, 4-0 
band**** and 5-0 band’***® have been studied in this way. The isotope effect 
between.H**Cl and H*’Cl, recognized in Imes’ tracings of the fundamental by 
Loomis,*? and later resolved in this band*° and in the first overtone,*° is 
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clearly marked in the high-resolution work of Mills, Thompson and Williams.* 
Claims*” to have discovered lines to be ascribed to an isotopic molecule H*°Cl 
have not been substantiated.** Measurements of the fundamental band of DC] 
at 48 4. were used to determine the ratio of the atomic masses of deuterium to 
hydrogen.** 

Values of some of the rotational and vibrational constants for H**°Cl are 
collected in Table V, where they are compared with calculated values. The 
excellent agreement between the constants derived from measurements of the 
fundamental bands of hydrogen chloride and of deuterium chloride* is illustrated 
by the following values derived for the internuclear distance:- 


Molecule re”, A. 


HEC] 1-274, 
Hiuclona 4074, 
DCL 869745, 
Del 12746, 


Some of the other constants are known less well, and more work on overtone 
bands is required. | 

The effect of temperature of the absorbing gas, which alters the appearance 
of the bands by shifting the molecular populations in the initial quantum 
levels, has been studied.*%*” 

With one exception,*’ the work described above relates to observations of 
the spectrum in absorption. The emission spectrum in the region 3000 to 
6000 cm:* has been studied:** the source was a chlorine-hydrogen flame, and, 
from measurements of relative intensities it was deduced that the rotational 
and vibrational temperatures in this source are around 2500°K. The question 


of the emissivity of hydrogen chloride in the infra-red region has been con- 
sidered.°”** 


TABLE V.- THE VIBRATION-ROTATION BANDS OF HYDROGEN 
CHLORIDE: CONSTANTS FOR H**cl 


Band-origins, cm7! 


2885°82 
5667-98 


10923-11 | 10922-64 10923-05 
13396°55 | 13395+20 13396-51 


10-4422 
10-136 | 10-1380 
9-830 | ¥ 


* Calculated, with G, = 2989+74 (v + %) = 52:05 (v + %)?+ 0-056 
(v+%)*; Herzberg.*® 

§ Calculated, with By = 10+594, - 063042 (v + %4); Mills, Thompson 
and Williams,** 
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The relative intensities of the vibration-rotation bands of the hydrogen 
halides were considered by Rosenthal.*® The electric dipole moment p(€) may 
be written:- | 


p() = pe + Perk + De E/N + +05 


with p(?/) = (d"p/dé") #_9 and € = (r - re)/re where r is the internuclear separa- 
tion, Taking only tHe first two terms in this Taylor series, Rosenthal ob- 
tained the following values for the ratios of the absorption coefficients, a, in 
the hydrogen chloride bands:- 


a7z.9/A1-0 = 1:76 x 10 
(@: 4-0/2 PG ee 0-343 x 10; 


However, Lindholm,”* found that the intensity of the 4-0 band is only a few 
percent. of the value calculated in this way. 

The relative intensities of lines in the fundamental band of hydrogen 
chloride have been measured.** 

Measurements of the absolute intensity of vibration-rotation bands are of 
considerable importance because they lead to knowledge of the variation of 
dipole moment with internuclear separation.*7** The quantity determined ex- 
perimentally is the apparent integrated absorption coefficient, a’, given by:- 


_ 2303 fi Tg d 
= on ' og (re) 0) 
where p is the partial pressure of absorbing gas, 

l the length of optical path, and 


T,..» ., the apparent incident and transmitted intensities of radiation — 
when the instrument is set at wave-number @. | 


a! 


The true value, a’, is given by the limit of a’ as p.l goes to zero, or by the 
limit‘of a’ as the total pressure is increased to infinity. Corrections for gas 
imperfection may be necessary. The relation of ato quantities of theoretical 
interest has been considered by Crawford and Dinsmore.** They derive:- 


a(fundamental) = a y'(Pe)” @e(1 = 2%) 
2a°N 
3hceQ 


where N is the number of molecules per unit volume per unit pressure at 
the temperature of experiment, 
Q is the complete partition function, 
y? faa 2Be/We, 
De = €Te, with ¢ the effective charge, | 
a, is the first mechanical anharmonicity constant, and 


it uf i f l i? ° ° a . ere 
Pe =Pe/Pe> Pe, Pe having their earlier significance, 


a (first overtone) = 


-y"(pe)(pe + a1)? @e(1 - 3%¢) 


Measurements of the absolute intensities of the fundamental and first over- - 
tone bands of hydrogen chloride have been made by a number of workers. The 
most recent are by Penner and Weber*® whose results are summarized on page 
641. The results of Rollefson and Rollefson and-of Hammer are teem mea- 
surements of refractive indices in the infrasred, which further provide — 
values of the dipole moments: for HCl, p® = 1-120 + 0-012, for DCI, po = 
1-145 + 0-012D, and lead to a negative value of Op/dr. However, the difference — 
between the values of pp for HCl and DCI is not understood, and the sign of | 
Op/or is probably positive.®%’ The results of Bartholomé,®? which are in — 
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Reference apn 
cm? atm: 
Bourgin** 156 
Dunham*°® - 
Rollefson and Rollefson®® 173 
Hammer*™* 158 


Penner and Weber*? 


ane 2A 2K, 


160 


+ 30* 


76) 


3-68 + 0+30* 


64] 


marked disagreement with these values, have been criticized by Kemble.** 


Bee) =n aS 
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Raman Effect. 

The Raman effect in gaseous hydrogen chloride was first studied by 
Wood.** In later experiments, Wood and Dieke* were able to observe not only 
the Q-branch of the vibrational Raman effect, but also lines of the S-branches 
of the rotational effect, the theory of which was treated by Hill and Kemble.° 
The Q-branch was found at 2886+, cm:* from the exciting line (Hg 4047A.), in 
good agreement with the value of v, for the 1-0 vibration-rotation band, 
2886-01 cm?* The rotational displacements are given in Table VI. It will be 
noted that the rotational Raman shifts do not correspond with the lines of the 
pure rotation spectrum (see Table IV). 


TABLE VI. - ROTATIONAL RAMAN EFFECT IN GASEOUS 
HYDROGEN CHLORIDE 


| ji Stokes Lines Anti-Stokes Lines v (calc.) 


- | 62-64 62°55 
101-1 cm? 104-34] 104.19 
142-7 146-00 | 145-78 


187+5 187-57 | 187-29 
22904 229-01 | 228-67 
271-0 270+32 | 269-93 
312-9 311-46 | 311-01 
353-0 352942 | 351-90 


The calculated shifts are with |Av| = F(J + 2) - F(J) 
= (4B - 6D\J + %) - 8D + 4%. 


The influence of change of physical state on the infra-red and Raman 
spectra of hydrogen chloride has been the subject of several investigations, 
which have yielded most interesting results although it cannot be said that 
they have yet received a full explanation. As the pressure of hydrogen 
chloride gas is increased, the rotational lines in the vibration bands become 
more and more broadened, so that in the first overtone the lines almost dis- 
appear at 45 atm. At 78 atm., there is no trace of discrete structure, although 
the classical P,R doublet is still observable.® Daure’ first showed that the 
Raman effect in liquid hydrogen chloride differs from that in the gas: the long- 
wave-length edge of the Q-branch shifts from 2886 cm7* to 2800 cm7?, the 
maximum from 2879 to 2770 cm:** Hettner® found that the infra-red maximum ~ 
for the liquid at 160°K. lies at 2785 cm:* The first overtone band of the 
liquid has little resemblance to the vibration-rotation doublet of the gas.° Up 
to about 20°C. the band consists of a single sharp asymmetric maximum whosé 
position varies with temperature, thus:- 


liquid gas 
Temperature -100° 55, G: 
Density 1523: 0:83, (Ecce 
Vioo. D907" 5020 V, = 3668 cm. 
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Above about 20°C. the asymmetry becomes less pronounced, and the 
maximum broader, and there appears in the absorption curve a point of inflexion 
near the gas minimum. Vodar et al.*® have examined the spectrum of the liquid 
in the region of the second overtone, finding in addition to the main band at 
8130 cm:* (v, = 8347 cm** in the gas) a much weaker band at about 7750 cm? 
The shift to lower frequencies might be explained as a solvent effect, but the 
shift is in fact smallerthan is observed in inert solvents of the same dielectric 
constant. 

The behaviour of crystalline hydrogen chloride is complicated by the 
transition at 98°K. The Raman spectrum at. about 155°K. shows a single broad 
maximum at 2764 cm.*,** in good agreement with the single infra-red maximum 
at 2768 cm.* observed’ at 100°K. At 77°K., two frequencies are observed in the 
Raman spectrum, at 2709 and 2759 cm**, the former being the stronger.’? 
Hettner™’* found that at 43° and at 85°K. the infra-red maxima lie at 2708, 
2747 cm:* These results were substantially confirmed by Lee, Sutherland and 
Wu,** who measured the maxima at 77°K.: they found the frequencies to be 
2701 and 2744 cm%’, and also showed that there is evidence for a third, minor, 
band at about 2777 cm? and further structure above and below the main ab- 
sorption. The structure observed by Shearin** probably arises from water 
vapour. The third band was also observed by Hettner” for films deposited at 
T < 30°K., and in these circumstances the two main bands are replaced by one 
very asymmetric band. The infra-red absorption of deuterium chloride at 77°K. 
appears to differ markedly from that of hydrogen chloride at the same tempera- 
ture:*? there are now three strong absorption maxima, at 1965, 1982 and 1992 
cm’ (Vv, = 2090 cm:* in the gas). These three peaks are in fact characteristic of 
an HCl-DCl mixture.”* 

The frequency shift on going from the dilute gas to the condensed phases 
provides clear evidence that there is strong interaction between hydrogen 
chloride molecules in the latter: the two peaks in either spectrum are inter- 
preted as arising from zig-zag hydrogen-bonded chains in the crystal, and the 
small shift between the infra-red and Raman spectra from the coupling of pairs 
of chains.* The spectra of dilute solutions of HCl in DCl have shown” that 
the angle between adjacent molecules is about 102°. 

Quantitative studies of these interactions have been limited to examination 
of the effect of broadening of the lines in the pure rotation and in the vibration 
spectrum of the gas.***”7 Bhagavantam*® estimated empirically that rotational 
structure in the Raman effect would disappear at about 130 atm. Weber and 
Penner’? have made transmission measurements on the fundamental and first 
overtone bands of hydrogen chloride: the transmission proves to be a non- 
linear function of the total pressure, so that the simple Lorentz treatment (see, 
for example, Margenau and Watson,*°) is inapplicable. The theoretical pro- 
-blem of interaction in the compressed gas has been considered.” Lindholm” 
studied the line-widths in the 4-0 band and in the pure rotation spectrum. He 
found that the observed widths (at pressures of the order of 1 atmosphere) 
arise from van der Waals and from resonance interactions. 


\ 
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Solutions. 

The vibration spectra of hydrogen chloride solutions have also been 
studied. Williams’ showed that the fundamental band was shifted to smaller 
frequencies when benzene, chlorobenzene, nitrobenzene and m-nitrotoluene 
were used as solvents, and found that the shifts increased with the dipole 
moment of the solvent. The absorption coefficient in benzene solution is 
greater than for gaseous hydrogen chloride.” Leberknight and Ord® investi- 
gated solutions in benzene, chlorobenzene and carbon tetrachloride and found, 
contrary to Williams, a large shift (110 cm:") to smaller frequencies in the case 
of benzene: the intensity decreases from benzene to carbon tetrachloride. A 
range of non-ionizing solvents was studied in the infra-red by West and Ed- 
wards,’ and the Raman effects were examined by West and Arthur.° These 
authors correlated the frequency shifts, Av, with the dielectric constant D of 
solvent according to the expression:- 


Av/v = C((D = 1)/(2D + 1)) 


where v is the unperturbed frequency of the fundamental in the gas and C is a 
constant. Still bigger shifts to smaller frequencies are found for oxygenated 
solvents: thus in dioxan, diethyl ether and ethyl acetate, the fundamental is 
displaced® from 3:4 to 4 p, suggesting hydrogen-bonding between solute and 
solvent. Examination of the absorption in similar solutions between 0°8 and 
1-2 w revealed that the spectra were little affected by temperature.’ 

In fully ionizing solvents, there is no feature that may be recognized as a 
vibration of the hydrogen chloride molecule: thus no Raman line attributable 
to the molecule appears in moderately concentrated aqueous solution,*” al- 
though at concentrations above about 9N. a line at 2630 cm.’ has been re- 
ported.*° However the classification of solvent type is not quite clear, for 
contrary to the infra-red observations,°® it has been stated that the Raman 
spectra of concentrated solutions in diethyl ether show no hydrogen chloride 
vibration.° ; 

The effect of dissolved hydrogen chloride on the infra-red absorption of 
water has been studied. Suhrmann and Breyer** found changes particularly in © 
the bands at 0-98, 1-2 and 1-45. u, Ganz*?"* in the bands at 0-77 and 0-845 p. 
Plyler and Barr found that aqueous solutions of a number of acids show ab- 
sorption bands at 2-4=2+5 and 5-5 m not given by water:**** on changing to 
deuterium chloride dissolved in deuterium oxide, the 2-4 w band shifts to 34 
jt, but the absorption at 5-5 p remains.*® (See also page 792). 


The absorption in aqueous solutions of hydrogen chloride has been studied*’ 
at a wave-length of 4 cm. 
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Ultra-violet Spectrum. | 

Regions of continuous emission have been observed in the spectra of dis- 
charge tubes containing hydrogen chloride** and in the spectrum of the hydro- 
gen-chlorine flame.* Energetic interpretations of these continua have been 
suggested,** but the processes themselves are obscure, and it is not certain 
that the hydrogen chloride molecule is directly concerned with the production 
of the shorter-wave-length continua, for similar continua are obtained in chlor- 
ine alone.° 

Gaseous hydrogen chloride is transparent throughout the visible region of 
the spectrum, but continuous absorption may be detected in the quartz ultra- 
violet. There have been several investigations of the absorption in this 
region, and also attempts to interpret the results in terms of the dissociation 
energy of the molecule:*” however, since the upper potential curve for the 
repulsive state falls steeply** with increasing internuclear distance, it is 
clear that no reliable estimate of the dissociation energy can be obtained from 
measurements of this kind. The main part of the absorption band lies at 
wave-lengths below 2000A. This region was first studied by Leifson,*® but it 
seems that his hydrogen chloride was impure, for his results were not con- 
firmed by Romand,™* whose values for the extinction coefficient fit well with 
those of Vodar*? at longer wave-lengths (Fig. 2). The spectrum is that of a 
single broad band, with a maximum at about 1535A. From the variation in 
extinction coefficient with wave-length, Romand calculates the shape of the 
potential curve for the upper repulsive state between r ~ 1-1A. andr ~ 1-84. 
The refractive indices of gaseous hydrogen and deuterium chlorides in the 
visible and ultra-violet regions down to 2300A. have been studied.** 

At still shorter wave-lengths, Price**® has found banded absorption, begin- 
ning at 1331A. The bands arise from transitions from the ground state X to 
two main states B,C whose constants are as follows:- 


Vo,0 We XeWe 


State C (*I) 77480 2710 20 
State B (*II) 75134 - - 


The bands of C=X are degraded to longer wave-lengths, whereas the B-X 
band is not obviously degraded in either direction. In addition, there are 
subsidiary bands lying at 200 to 300 cm** towards higher energies than the 
main bands. No Rydberg series has yet been observed for hydrogen chloride, 
but a comparison of the term-values with those for methyl chloride, having a 
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The continuous absorption spectrum 
of gaseous hydrogen chloride. 
Romaud"'; Vodar"? 


40,000 50,000 60,000 70,000 
v, cm7! ——»> 


Fig. 2. THE CONTINUOUS ABSORPTION SPECTRUM OF 
GASEOUS HYDROGEN CHLORIDE (ROMAND;** VODAR™) 


spectrum closely similar to that of hydrogen chloride, leads to the value 12-9, 
ev. for the ionization potential of hydrogen chloride.**”** 

The electronic states of the hydrogen halide molecules have been studied 
theoretically in great detail by Mulliken.***® In earlier work, *7he was able to 
predict a value, 13°66 ev., for the ionization potential of hydrogen chloride: 
subsequently he has derived an estimate of the absolute strength of the con- 
tinuous absorption,***? and has further correlated the experimental findings in 
the Schumann region with theoretical expectation.*® The continuous absorp- 
tion may be represented by:- 

N 0774, *3* —> Q o*n'o*, *0, 0 
and the states B and C as B(o’7’, “I13/)bo, C(o*m*, *II/)bo: they are considered 
to be the first two members of two Rydberg series of states. No comparison 
between the experimental and theoretical values of the strength of the N+ Q 
continuum appears yet to have been made. 

The ionic-covalent resonance model has been used to discuss the bond 
moment” and the height of the first excited state above the ground state.” 
The potential energy function for the ground-state has been considered.7**? 
The relation of the force-constant in hydrogen chloride to that in other hydrides 
has been discussed,” and the relation between force-constant and internuclear 
distance has been examined.** Fajans*® has considered the electron affinity 
of hydrogen chloride. Horvath has calculated the binding energy.*° 

Thermodynamic properties of gaseous hydrogen chloride have been calcu- 
lated from the spectroscopic information?””** and a study of the isotopic 
effects has been made.” The value calculated for the standard entropy (595.1); 
44.66 + 0-05, is in good agreement*® with the calorimetric, Third Law, value 
44.47 + 0615, 
~ No accurate value for the dissociation energy of hydrogen chloride can be 
obtained directly from spectroscopic data.**** It is best obtained from the 
heats of dissociation of hydrogen and chlorine, and the heat of formation of 
hydrogen chloride gas. Using the values given in the National Bureau of 
Standards list,*? there is obtained D, (HCl) = 102-25 kg.-cal. (O°K.). 

The absorption spectrum of liquid hydrogen. chloride was studied by Tréhin 
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and Vodar** in the quartz ultra-violet: they found that the extinction coef- 
ficients were greater than for aqueous solutions. Aqueous solutions of hydro- 
gen chloride and of various metallic chlorides have been studied in the same 
region, ***? 

A:ted colour appears in anhydrous samples of solid hydrogen chloride 
which have been frozen quickly with liquid nitrogen (see page 427), 
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HYDROGEN CHLORIDE ION, HcI* 


Discharges through hydrogen chloride gas, or through hydrogen in presence 
of a small amount of chloride impurity give rise to a band-system in the region 
2800 to 4000A., which arises’ from the molecule HCl*. Rotational analyses 
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of this system have been made by Kulp*® and by Norling®”’ who also studied 
DCI*. The splitting of the rotational levels of the ground state, X7Ij, con- 
stitutes a good example of A-type doubling.* The constants ior the two 
known states of (H°°Cl)* are as follows (Herzberg’):- 


State ilps De XeWe YeWe Te 
7S3* 28119-3 =—-1605+79 = 39658 = 400342 )~——:15 139 
11, 0 261542 5305 - 1:3153 


The dissociation energy of the ion into the ground states of H and Cl* may be 
obtained from the cycle:- 


D, (HCI*) = D, (HCl) + J.P. (Cl) - 1.P. (HCL). 
Substituting previously given figures:- 


D, (HCI*) = 102-25 + 300-1 - 2977 kg.-cal. 
= 104-,. kg.-cal. 


Thus although the internuclear distance and the vibration frequency are res- 
pectively bigger and smaller in the ion than in hydrogen chloride itself, indi- 
cating somewhat weaker binding, the energy of dissociation of the ion is very 
slightly greater than for the molecule. The determination of the energy of 
dissociation by extrapolation of vibrational levels is considered by Gaydon.*° 
For the electronic structure of the ion, the reader is referred especially to the 
work of Mulliken cited under hydrogen chloride. 
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THE OXIDES OF CHLORINE 
-CHLORINE MONOXIDE, ClO 


The band-spectrum of ClO was probably first observed by Urey and Bates,’ 
who reported diffuse bands in the region 3600 to 4350A. occurring in the 
spectrum of a hydrogen=chlorine flame containing oxygen. Improved spectro- 
grams were obtained by Pannetier and Gaydon” from the flame of hydrogen 
burning in an jatmosphere of oxygen containing a little chlorine. The emission 
bands have v'' = 4to 14, v'’ =0to 4. ClO has been observed in absorption by 
Porter.”® The strongest bands lie in the region 2635 to 3035A., and constitute 
a long v’’ = 0 progression. Porter produced ClO by flash photolysis; the 
n:echanism suggested?® is:- . 


Cl+0, =Cloo 

Cr+ CIOO'=2ClO. 
Under these conditions, ClO has a half-life of a few milliseconds. Its decom- 
position to chlorine and oxygen was followed by observations on the absorption 


spectrum of ClO: an intermediate Cl,0O, may be involved. 
The constants (cm.") which represent both emission and absorption bands 
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are:- 
Upper state LOT eee Ll 
Ground state 0 868 7°5 


* VYeWe is not negligible 


The nature of the transition is unknown: the ground state is expected to be 
"11, and Porter has observed some band-heads separated by about 200 cm3’ from 
the main heads, so that perhaps | A! - A’ i ~ 200 cm:* A quite short extra 
polation of the upper state vibrational levels leads to a limit at 37930 cm:* 

The probable products at this limit are C1CP) + O(*D), since the ground state 
levels extrapolate roughly to 24680 cm?" Thus the upper state limit corres- 
ponds to Dj = 63-0 or 60+5 kg.-cal. according as to whether the state of the 
chlorine atom on dissociation is *P% or a The result may be given as 


Dé = 61-8 + 1-3 kg.-cal. or D" (298°. y = 62-5 + 1-3 kg.-cal. 
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DICHLORINE MONOXIDE: C1,0 


The visible and ultra-violet absorption spectrum of chlorine monoxide has 
been studied.*” The absorption is purely continuous; a plot showing the 
vafiation of extinction coefficient with wave-number is given in Fig. 3. 
Finkelnburg et al.” suggest that the initiation of the continuum corresponds to 
the process:- 


el Ome ty Glee R AO. aos cre eae oral GL) 
Rollefson and Burton’ point out that dissociation according to:- 
GOs Nila Osta soso os 0 2 (DD 


may also be important. With Of (C10) = 18-2, D (ClO) = 62:5 kg.-cal.: the 
minimum energy for process (1) is 36. 5 betal., for (2) 41:0 kg.-cal. The 
wave-lengths corresponding to these energies are 7840 and 6980A. respectively. 
The dissociation of Cl,O into ground-state atoms, 2Cl + O, requires 99-0 
kg.-cal. Finkelnburg et al.* suggest that this is the process taking place at 
2560A. (112 kg.-cal.). 

The infra-red spectrum of Cl,O in the vibration=rotation region has been 
studied**® and fundamental fperen ier assigned. 66 Hedberg® gives the fol- 
lowing values: v, = 688, Vv, = (320), v, = 969 cm:*, but notes that the magnitude 
of the bending frequency, V., is somewhat uncertain as the band at 1245 cm?’ 
from which it is derived is overlapped by HOCI impurity. An illustration of 
the actual form of the normal vibrations has been given by Herzberg.” 

The structure of Cl,0 has not yet. been determined spectroscopically: 
electron diffraction studies have been made by Sutton and Brockway*® and by 
Dunitz and Hedberg.** The latter derive:- 


r(Cl~O) = 1-701 + 0-020A.; ZCl-O-Cl = 110-8 + 1° 


Theoretical discussions of the structure of the molecule have been given.*””* 
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Fig. 3. THE ABSORPTION SPECTRUM OF CHLORINE MONOXIDE, Cl,0. 
x «+ +«+« GOODEVE AND WALLACE? 
O+ + * FINKELNBURG, SCHUMACHER AND STEIGER? 


Yost and Felt** found the standard entropy of gaseous dichlorine monoxide 
to be 67-9 g.-cal. mole™* degree™*: the more reliable value, 63-7 + 0+3, has 
been calculated from the molecular constants? 
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DICHLORINE TRIOXIDE: C10, 


Absorption bands observed by Kantzer* and attributed by him to a molecule 
Cl1,0, have been shown by Goodeve and Richardson’to arise from ClO,. There 
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is no spectroscopic evidence for Cl,O3. 
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CHLORINE DIOXIDE, ClO, 


The absorption spectrum of chlorine dioxide in the region 2750 - 5250A. 
has been known for many years, and the vibrational analysis of this system 
has been studied by a number of workers.”* The bands are degraded to longer 
wave-lengths: those at the shorter wave-length end of the system are pre- 
dissociated so that bands at A < 3200A. have only diffuse heads.© The 
observation of the onset of predissociation is determined partly by the re- 
solving-power of the spectrograph employed: Goodeve and Stein? observed 
predissociation at A < 3293A., Finkelnburg and Schumacher® at A < 3750A., 
but Coon’ found that the lines of the (6,0,0 = 0,0,0) band are broad (1 = 2 
cm.’), thus fixing the onset of predissociation at } ~ 39754. At shorter wave- 
lengths, the bands become gradually weaker and more diffuse: their extra- 
polated point of disappearance® is 2563A. It is suggested® that the pre- 
dissociation process is ClO, — ClO + O(°P), and the process at the low 
wave-length limit is ClO, —_ ClO + O(*D); the wave-lengths given above 
correspond to energies of 71:9 and 111-5 kg.-cal. mole™* respectively, in 
reasonable accord with the thermochemical values 60-1 and 105-5 kg.-cal. 
mole™* derived using D"(C1O) = 62-5 kg.-cal. 

The vibrational analysis of these bands leads’ to the following values for 


5C10,:- 


804-4 
TZ iso. 


Excited state: @, = 722-0, @, = 296-1, w 
Ground state: @; = 9648, w, = 451+8, a; 


Ve = 213695 cmi? 


The upper state frequency which appears® most strongly in the transition is v}. 

This band system of ClO, is one of the very few systems of non-linear 
polyatomic molecules whose rotational structure has, in part, been resolved 
and analysed. This work has been done by Coon’ who has studied the bands 
(v;,0,0 - 0,0,0) with v’ = 0 to 5. They are parallel-type bands (AK = 0) of 
considerable complexity, with spin-doubling (since ClO, has an odd number of 
electrons), and showing both K- and L-structure (K is the quantum number 
associated with the component of angular momentum around the symmetry axis, 
L that associated with the total angular momentum, excluding nuclear spin. 
The theory of these transitions has been set out by Mulliken;*® the structural 
patterns are illustrated by Metropolis**). The structure is such that each 
vibrational band falls into a series of sub-bands described by a value of K. 
The spectrum is further complicated by the chlorine isotope effect. 

Coon was able to deduce the configuration of the excited state of ClO, in 
terms of an assumed structure for the ground state. With r“(Cl - O) = 1:53A., 
Z"O - Cl = O = 1099, r'(Cl = O) = 1-805A., and Z’O = Cl=0=92° More 
reliable values r” = 1-49A., Z" = 118+5°, are now available for the ground 
state (see below): with these r ~ 1-73A., Z’ ~ 110° Thus in the excited 
state, the bond distance is considerably greater, the bond-angle somewhat 
smaller, than in the ground state. That there is this large change in the 
configuration of the molecule on excitation could have been predicted, quali- 
tatively, from the extent of the spectrum (Franck-Condon principle): it is in 
accord with the big drop in the values of the fundamental frequencies on 


I I 
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excitation. The nature of the electronic transition in this system has been 
considered,” 

The infra-red spectrum of ClO, in the vibration-rotation region has been 
studied by Bailey and Cassie,** by Hedberg** and by Nielsen and Woltz.”* 
The latter give v, = 943-2, v, = 445, v, = 1110-5 cm.’, in good agreement with 
the values derived’ from the analysis of the electronic spectrum. The assign- 
ment Vv, = 943-2 cm%* (with v, the totally symmetric vibration) is confirmed b 
the observation of a Raman line at 935 + 8 cm:* from CIO, in solution.*® 
Values of the anharmonic constants have also been derived.””* 

In the infra-red spectrum, there also appears a band at 290 cm2* which 
could not be ascribed to an impurity:** it is suggested that this band arises 
from a polymer of ClO,. 

Rotational structure in the vibration-rotation region has been analysed by 
Nielsen and Woltz.** They derive the bond-distance, r(Cl - O)as a function 
of the bond-angle, Z O - Cl = O, but neither is uniquely determined. However, 
by combining their results with those from the electron-diffraction work of 
Dunitz and Hedberg,’”’ they obtain r(Cl - O) = 1:49A., ZO - Cl = O = 118-5% In 
agreement with the fact that the Cl - O bond is short, the analysis of the 
vibration potential function of ClO, by Duchesne and Nielsen’*® indicates that 
the Cl = O bond in ClO, is strong. 

It has been reported that ClO, absorbs in the microwave region of the 
spectrum,’® but no analysis appears yet to have been published. 
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CHLORINE TRIOXIDE: DICHLORINE HEXOXIDE 


Goodeve and Richardson* have shown that in the liquid state and in 
solution this oxide exists as Cl,0,; in the gaseous state as ClO}. 

The gaseous oxide absorbs continuously” from a threshold at about 3500A.: 
there is a maximum at about 2780A. (log,, € © 3+1) and a second broad maxi- 
mum at A < 2170A. (see Fig. 4). Liquid dichlorine hexoxide absorbs strongly 
from about 6000A. to shorter wave-lengths;? no evidence has been found for 
more than one band. The extinction coefficient (molar decadic) of the hex- 
oxide dissolved in carbon tetrachloride is 2+4 at 54G0A. for a 0-1 M-solution,’ 
as compared with € ~ 80 for the pure liquid at the same wave-length. It is 
suggested that this effect arises from interactions between the hexoxide 
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molecules in the pure liquid. 
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Fig. 5. ABSORPTION SPECTRUM OF CHLORINE HEPTOXIDE 
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DICHLORINE HEPTOXIDE, CL0, 


The ultra-violet absorption by dichlorine heptoxide vapour has been 
studied.!. The absorption is continuous, and the extinction coefficient rises 
smoothly from 3000 to 2000A., the low wave-length limit of the observations 
(see Fig. 5). Representative values are: at 34000 ems", log,, € =0; 45000: 
CMeis [OP g 6 = 56 

The Raman spectrum of a 40% solution of dichlorine heptoxide in carbon 
tetrachloride was studied by Fonteyne,** who concluded that the spectrum 
contained lines characteristic of the ClO, group. This, together with the 
non-zero dipole moment (0-72 Debye), suggests a configuration O,Cl - O- 
ClO, with Z Cl - O ~ Cl ¥ 180°. 
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OXY-ACIDS OF CHLORINE 


Hypochlorous acid: HClO. 

The absorption spectrum of hypochlorous acid in aqueous solution has 
been studied in the ultra-violet region and the absorption in the vapour phase 
has also been examined: it is found that the extinction coefficients in the 
vapour are much higher than in solution.* The results for aqueous solutions 
have been confirmed.’ 


Chlorous acid: HClO,. 
Aqueous solutions of chlorous acid show considerable absorption between 
2100 and 3000 A., with 800 >€ > 50; no maxima have been observed. 


Chloric acid: HC1O3. 

An examination of the Raman spectrum of a concentrated (40%) aqueous 
solution of chloric acid showed* that all the halogen is in the form of ions, 
C1O3, of symmetry C;,,. 


Perchloric acid: HCIO,. 

Interesting information about the constitution of perchloric acid and its 
aqueous solutions has come from studies of the Raman effect.*** Up to con- 
centrations of about 70%, corresponding to HC1O,,2:4H,O, the spectrum is 
identical with that of the perchlorate ion, ClOj, and shows the four fundamental 


frequencies expected for a tetrahedral structure (see, for example, Herzberg*’) 
thus:- 


Av,cm.* Intensity 


Vv, (symmetrical valence vibration) 930 20 polarized 

V, (2-fold degenerate deformation) 460 8 depolarized 
V3, (3-fold degenerate valence vibration) 1120 1 depolarized 
Vv, (3-fold degenerate deformation) 625 8 depolarized 


However, the spectrum of the anhydrous acid is different; the changes that 
occur on addition of water are illustrated by the figures*® given in Table VII. 

The anhydrous acid may be formulated HOCIO,, and appears to have**° a 
pyramidal pseudo-acid structure of symmetry C3y. Similar results have been © 
reported for deuterium perchlorate.” Suggestions that acidium salts may be 
formed or that there may be association in aqueous solutions are not supported 
by the Raman spectra:*° a discussion of these matters has been given.' 
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TABLE VII.- RAMAN SPECTRUM OF PERCHLORIC ACID 


Raman shifts, 
em}: 


B = broad line. 
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CHLORIDE AND OXY-CHLORINE IONS IN SOLUTION 
AND IN THE SOLID STATE 


The chloride ion, Cl”. 

The absorption spectrum of aqueous solutions containing the chloride ion 
has been studied at wave-lengths above 2000A. by a number of workers,** but 
the maximum of the absorption band apparently lies outside this range, at about 
1810A.° The extinction coefficient at the maximum is high: « ~ 10*. These 
intense ultra-violet absorption bands of the halide ions and of certain other 
anions are considered to arise from a charge-transfer process of the type:- 


X"(solvent) + hv — X(solvent’): 


(for a review see Rabinowitch’), That it is possible to draw a consistent 
picture of the energy changes in this process can be seen, for example, from 
the following cycle used by Friedman.* 


Xaq ar Hig hy X* + e-* + Hig N pv 

Pere Fit. Hag —> Rag t.eaq + Hag -AH* 

Xaq + aq + Hag > Xgt+ez+H, AH,(e7) + AH,(H*) + AH ,(X) 
and:- 
Xaq + Hig = 4X.,(standard state) + fe eae state) at (Xaq) 
YX,(standard state) + 4H,(standard state) = See He NNT ) 6) 

Ht 

so that:- 


AH ,(H*) + AH ,(e") - AH?* ==N,hv = AH 5(X)+AH}(Xaq) + AHF(X,) + AHF (HE). . (1) 


The left-hand side of (1), (which corresponds to the sum of the heats of solva- 
tion of the proton and electron minus the heat of re-arrangement of the products 
of the absorption of one einstein of radiation) may be evaluated in a number of 
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cases. Some of the values given by Friedman are listed in Table VIII. 

If the identification of the transitions is correct, then variations in the 
sum of the terms on the right-hand side of equation (1) (last column of Table 
VIII) must arise from variations in AY*. Now AH* may be split into two terms, 


TABLE VIII.- ENERGY TERMS IN THE CHARGE-TRANSFER SPECTRA 
OF SOME HALOGEN IONS, KG.-CAL. 


[AH,(H*) + AH.(e")- AH*] 


(i) arising from the re-arrangement of water molecules around X and around e” 
(ii) arising from changes in the structure within the radical X. In the case of 
the monatomic anions the latter term is zero, and it is found that here A//* is 
constant. It is thus reasonable to attribute the spread in the values of AH* 
for the polyatomic anions to changes in the structure between X4q and Xag. 
From the data for the monatomic ions it can be concluded that:- 


AH ,(e*) + AH ,(H*) > 276 kg.-cal. 


The ultra-violet absorption spectrum of an agueous solution of sodium 
chloride to which chlorine has been added differs from the spectrum of chlorine 
in water, and it is suggested that Cl ions are present.” 

In the infra-red region, Ganz*” thas’ studied rieieneee cr dissolved chlor- 
ides on the absorption bands of water at 0-77 and 0+845 pu. 

Measurements of the absorption of aqueous solutions of chlorides at wave- 
lengths of 1-25, 3 and 10 cm. have thrown light on the east properties of 
these solutions." 

The spectra of crystalline chlorides are considered under ee appropriate, 
more electropositive, element. 
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The hypochlorite ion, ClO”. 

The ultra-violet absorption spectrum of the hypochlorite ion in aqueous 
solution has been studied.”? There is an absorption maximum at 2900A. 
(e ~ 350), and further strong absorption beginning at about 2200A. and ex- 
tending to. shorter wave-lengths. The latter is interpreted as a charge-transfer 
spectrum,’ 

The Raman spectrum of a saturated solution of sodium hypochlorite has 


been photographed, and a line at 713 + 3 cm:* has been attributed to the 
(Cl = O) vibration.* 


Refs. p. 657 


18 SPECT ROCHEMISTRY ; 657 


References | 
1 Schafer, K., Z. phys. Chem., 1919,93,312-24. (13,2491) 
2 Friedman, H.L., J. Chem. Phys. a 1953, 21,3 19-22. (47,4195) 
3 Kujumzelis, T. G., Phys. Z., 1938,39,665-6. (32,8937) 


The chlorite ion, ClO}. 

The absorption spectrum in the region 2000 to 4000A. of aqueous solutions 
containing the chlorite ion has been studied,’ with results that do not confirm 
earlier work.? A basis for the theoretical interpretation of the absorption 
spectrum of the ion has been given by Mulliken*® and by Walsh.* The short 
wave-length absorption, with Amax < 1900A., is considered to be a charge- 
transfer spectrum.’ 

The Raman spectra of aqueous solutions have been investigated by 
Kujumzelis,* who observed a single shift at 802 cm%’, and by Mathieu,” who 
measured lines at 396 + 5 cm<* (m: polarized) and at 797 + 5 cm. (strong: 
polarized). The third frequency expected for the non-linear ion has been 
observed in the infra-red’ and Raman® spectra of crystalline sodium chlorite, 
NaClO,,3H,O, at about 844 cm.* Mathieu’s assignments for the frequencies 
of the ion are:- 


V, (symmetrical valence vibration): 797 cm’ 
v, (symmetrical deformation): 396 
Vv; (asymmetric valence vibration): 844 


Mathieu’s values for the Raman shifts in crystalline sodium chlorite are: 
57 + 3, 402 + 3, 786 + 2, 844 + 2 and 1104 +3 cm.* Duval, Lecomte and 
Morandat’ observed the frequencies 860 and 1200 cm*° in the infra-red spectrum 
of the powdered crystal: their assignments are however criticized by Mathieu. 
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The chlorate ion, ClO}. 

The chlorate ion absorbs but little in the quartz ultra-violet region. Fried- 
man’s measurements’* on the absorption spectrum of the ion in aqueous solu- 
tion, using sodium chlorate, agree well with those of Farkas and Klein’ in the 
range 2100 to 2300A. At lower wave-lengths there is some discrepancy: thus 
at 2000. the former finds € = 100, the latter, ¢€ = 65. The maximum of the 
absorption band lies at some undetermined wave-length below 1900A.; the 
system probably arises from a charge-transfer process. 

The Raman spectra of aqueous solutions of chlorates have been studied by 
a number of workers.*” The ion shows four frequencies: it is pyramidal, with 
the symmetry C;,. The assignments of Shen et al.° are as follows:- 


ewes ha ches: 8 a sOcCM, 
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Rolla® has studied the Raman spectra of several chlorates dissolved in ethyl 
alcohol and in acetone: the values of the frequencies attributed to the chlo- 
rate ion are but little changed from the values in aqueous solution (see also 
chloric acid, page 654). 

The vibrational spectra of crystals differ from those of the ‘free’ ions in 
solution, for (i) the lattice vibrations may contribute to the crystal spectrum, 
and (ii) when the free ion is embedded in the crystal there is in general a 
lowering of symmetry which may lead to the splitting of degenerate frequencies 
and to the observation of frequencies which were inactive in the free ion (for a 
review, see Menzies’). A number of observations of the Raman effect in 
crystalline chlorates have been made;*"°** the classification of the vibrations 
is considered especially by Couture and Mathieu.*® Similarly, the infra-red 
spectra have been studied in some detail.’*** The ion retains its pyramidal 
structure in the crystal. 

The spectral character of the iridescence of potassium chlorate crystals 
has been examined.**’ 
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The perchlorate ion, ClO}. 

The perchlorate ion scarcely absorbs in the quartz ultra-violet region: thus 
Fromherz and Menschick* found € ~ 0+2 at 2000 A. from observations on aqueous » 
solutions of sodium perchlorate. Theoretical estimates of the positions of the 
lowest-lying electronic states of the perchlorate ion have been made.” 

The Raman spectra of solutions of perchlorates have been studied.*” The 
characteristic frequencies of the tetrahedral ion vary slightly with the cation, 
with concentration and with solvent,® but the effects are small. With silver 
perchlorate in toluene, however, a line appears at 167 cm.’ which has no 
counterpart in aqueous solutions of the silver salt, and the value of v, drops 
from 929 cm." in water to 916 cm** in toluene:® the Raman shift at 167 cm7? 
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also appears in a concentrated aqueous solution of mercuric perchlorate.°® 
Hansen-Damaschun’ has measured the relative intensities of the Raman lines 
from aqueous solutions of sodium perchlorate and has discussed these in 
terms of the type of valence bond obtaining in the ion. 

The Raman spectra of crystalline perchlorates have also been examined. »*? 
The frequencies attributable to the ion are little changed from their values in 
solution: some of the details of the spectrum of crystalline lithium perchlorate, 
LiClO,,3H,O, however, are at present obscure.” 

The infra-red spectrum of powdered potassium perchlorate has been 
examined.*° 
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SECTION XIX 


THE ANALYTICAL DETERMINATION OF 
CHLORINE, CHLORIDE, HYPOCHLORITE, CHLORITE, 
CHLORATE, AND PERCHLORATE. 


By L.A. HADDOCK 


VOLUMETRIC ESTIMATION OF CHLORIDES 
USING INDICATORS 


SEVERAL workers have studied the classical procedures of Mohr and Volhard 
for the determination of chloride ion. It has been shown’ that the titration 
using potassium chromate as indicator must be carried out at pH 5 — 7, adding 
sodium acetate to reduce the acidity of solutions more acid than pH 5. Com- 
paring the accuracy of the two methods it was found? that the Mohr method was 
highly accurate if the solution was quite neutral — pH 7. The Volhard titration 
of excess silver nitrate with potassium thiocyanate is ten times as sensitive, 
though appreciable quantities of potassium thiocyanate are liable to be 
adsorbed on the precipitated silver thiocyanate. Slavyanov3 also described 
the procedures necessary to obtain accurate results by the two methods and it 
was shown‘ that the Volhard method would give results accurate to within 
0-001 mg. of chlorine in 1 — 2 ml. of solution. The Volhard titration can be 
carried out without removing the precipitated silver chloride if 1 ml. of nitro- 
benzene is added for each 50 mg. of chlorine and the liquid is shaken in a 
stoppered bottle to coagulate the silver chloride before titrating with potassium 
thiocyanate in the usual way.° 

A number of indicators other than ferric alum have been proposed for the 
Volhard method, mainly by Fajans and his collaborators. Dichlorofluorescein, 
having a larger ionization constant and absorbability, has advantages over 
fluorescein itself.° Diphenylamine blue, (oxidized (C,Hs),NH), added to a 
solution in which the silver chloride is in the hydrosol form, causes the solu- 
tion to appear green:’ when precipitation is complete the adsorbed dyestuff 
is displaced by Ag* and the solution becomes clear and violet. By this method 
titrations can be made in solutions 5N. in acidity. The method can be used 
to determine Cl” in presence of Br and I’,® but an excess of indicator must be 
avoided.” The use of phenosafranine and tartrazine as adsorption indicators 
in the indirect titration of chloride has been described*® as has the use of 
tartrazine instead of ferric ions as an indicator in the Volhard titration.** If 
dilute diphenylcarbazone solution is added’? together with ether to a solution 
of chloride acidified with nitric acid the solution can be titrated with 0-1N- 
mercuric nitrate while stirring vigorously, the colour change being from yellow- © 
brown to red. The same indicator has also been used’? in titrating a solution 
of a chloride in presence of a mercuric salt and diphenylcarbazone in acetone 
with silver nitrate after addition of ether. The colour change in the ether is 
from pale brown to purple and then sharply to red-brown. 

The Mohr method for chloride is normally carried out in neutral solution with 
potassium chromate as indicator. It can be made more sensitive by illuminat- 


ing the solution from below with a 40 watt Osram K bulb and reflector or with © 
light rich in the red end of the spectrum.** 
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Numerous organic compounds have been used as adsorption indicators in 
place of the chromate ion, e.g. fluorescein and its halogen substitution pro- 
ducts.** It is said*® that fluorescein derivatives give results more accurate 
than those obtained with chromate ions; these observations have been con- 
firmed*’»**»*? and the use of metanil yellow and the sodium salt of bromophenol 
blue have been proposed. Fluorescein may serve to detect as little as 1 pg. 
of Cl” or Br’, alone or in presence of each other.”° In the latter case bromine 
is first liberated by boiling the solution with lead dioxide and dilute acetic 
acid, and after adding sulphuric acid chlorine is subsequently distilled. 

Iodine and chlorine are determined in admixture by the use of Brilliant 
Orsella C and chromatrope F.4C,”* while sodium fluorescein, umbelliferone, 
B-methylumbelliferone, thioflavin S, erythrosin and primuline etc. have been 
used as indicators in the titration of chloride against silver nitrate in filtered 
ultraviolet light;??_ in this way Cl” may be determined in presence of CNS” and 
I’. A mixture of fluorescein and methylene blue has also been used for titrating 
Cl” in neutral solutions in presence of ethanol.?* 

Mercuric nitrate has been substituted for silver nitrate by many workers, 
particularly when using sodium nitroprusside as indicator in neutral or acid 
solutions.2* Bromophenol blue has been proposed as adsorption indicator for 
use with mercuric nitrate;?> also bromocresol green and chlorophenol red may 
be used.*® Chloride has been determined in presence of SO,, S,0,, S,O, and 
NO, ions using mercuric nitrate and sodium nitroprusside,” the thio-bodies being 
oxidized by prior treatment with sulphuric acid and potassium permanganate. 
This technique gives insoluble mercuric nitroprusside at the end-point, and its 
utility has been confirmed.?® 

With 0-2% alcoholic diphenylcarbazone as indicator,”® the end-point of the 
silver nitrate titration is shown by a violet coloration in presence of Cl. Di- 
phenylcarbazide has been used as indicator in titrating Cl” with mercuric nitrate 
at pH 1-5 — 2-0.3° In the titration of chloride with mercuric nitrate, diphenyl- 
carbazone as indicator has been found to give a more accurate end-point than 
does sodium nitroprusside.*4 Solutions as dilute as 0-0005 N-mercuric nitrate 
have been used with diphenylcarbazide and diphenylcarbazone as indicators. *? 
Tetraiodophenolsulphophthalein, used in titrating Cl’ with mercurous nitrate, ° 
gives an end-point sharper than that given by bromophenol blue. Mercuric per- 
chlorate has been proposed** as a reagent for titrating Cl’ conductometrically, 
and it may be used also for direct titration with bromophenol blue as adsorption 
indicator.*® 

A number of methods have been proposed for estimating chloride in special 
cases. Chlorine, liberated by the action of ferric sulphate, may be absorbed in 
potassium iodide solution and titrated with sodium thiosulphate.** If chloride 
ion is precipitated witha measured volume of silver nitrate solution, excess Ag* 
may then be removed with a measured volume of potassium iodate solution and 
after filteringand adding potassium iodide tothe acidified solution, the liberated 
iodine is titrated with sodium thiosulphate.*” In this reaction one mol. Na,S,0 
6Cl", andthe method is accurate to + lpg. Another similar technique involves 
precipitation of excess Ag” in the filtrate with potassium iodide,** the end-point 
being shown by the blue colour given by starch in presence of ceric sulphate. 
In presence of CNS”, Cl” may be determined in the filtrate after precipitating the 
former with copper salts and pyridine to form RemGeHeN sr (SCN): — roma 
survey of all the methods used for the determination of chloride ,*° it was con- 
cluded thatthe Gay Lussac gravimetric technique was the most precise, followed 
by Mohr’s volumetric precipitation method in the absence of interfering sub- 
stances such as ammonium salts. 
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VOLUMETRIC ESTIMATION OF CHLORIDES ELECTROMETRICALLY 


A study has been made of the conductometric determination of free hydro- 
chloric acid in presence of weakacids, e.g. lactic acid,and of mixed halides *? 
Much research has been recorded on potentiometric methods for estimating chloride 
ion particularly by titration with silver nitrate. Titration curves for ny dtoa ome 
acid show that accurate results can be attained in presence of colloids,** pro- 
vided these donotremove Ag’ from solution.** The use of a bimetallic electrode 
consisting of mercury-silver and pure silver has been described.** A stabilized 
anode proposed for this titration consists of a small silver spiral in a solution 
of nitrates containing gelatin, the cathode being a rotating silver plate.*® A 
reference electrode consisting of a buffer solution of chloride, pH 3-00 —.3-03, 
to which quinhydrone was added has been used;*’ it is connected by a bridge of 
saturated potassium chloride and 3% agar with a silver electrode, coated with 
silver chloride by electrolysis, immersed in the sample and used as an indicator 
electrode. Electrodes of platinumand gold have been used,*® but the mechanism 
is not quite clear. A study of the effect of acid concentration indicates that 
the presence of acid may cause the p.d. at the end-point to differ from the true 
value by 0-1 v.*° 

By measuring the p.d. between two silver — silver chloride electrodes, one 
dipping into a solution containing the unknown quantity of Cl and the other into 
a solution containing a known amount, it was possible to determine accurately 
as little as.0.35 mg. Cl per litre,?° The potentiometric method is well suited 
to the determination of chloride in the dark coloured waste liquids of the pulp 
and paper industry.** The use of an electronic voltmeter eliminates errors of 
polarisation.°” The potentiometric determination of Cl in presence of Br and 
I may be effected by the controlled use of ammonia at different concentrations.** 
In connection witha determination of the atomic weight of sodium, precise details 
are given of the electrometric observation of the end-point in the titration of 
sodium chloride with silver nitrate.°* A dead-stop end-point electrometric method, 
using simply two platinum wire electrodes without a reference cell, can be applied 
to silver titrations of chloride if sodium nitrite is added as anodic depolarizer.*° 

Mercurous nitrate has been employed to titrate Cl’ and Br” using a mercury 
electrode.°%°” Mercurous nitrate always contains some mercuric nitrate which 
is reduced on the electrode to mercury. The use of mercurous perchlorate, 
which is easily obtained free from mercuric salts,is recommended. The elec- 
trode consists of amalgamated platinum gauze. Cl can be titrated with mercuric 
perchlorate as well as with mercurous perchlorate.*® 

Electrolysis has beenused indirectly to determine the halogens®*® by deéposit- 
ing chlorine ona silver electrode at less than0-59 V. under controlled conditions; 
this was then made the cathode in dilute caustic soda solution until hydrogen 
was liberated freely and after washing and sintering at 500°C. the loss in weight 
of this cathode represented halogen. Precipitated silver halide may be dissolved 
in potassium cyanide solution which is then electrolyzed; the cathode is weighed 
to obtain indirectly the halogen present in solution. °° 

The method of coulometric analysis has been applied to determine hydro- 
chloric acid in solution, using a platinum cathode and silver anode. After 
adding potassium chloride, the solution was electrolyzeduntil the pH lay between 
3-8 — 5-4 andthe quantity of electricity used was measured ona silver coulometer. 
The error was less than 0-02%, as against 0-04% by titration with potassium bi- 
carbonate. A similar technique for the determination of halides®* employs a 
silver anode and a carefully controlled potential,®* the current being stopped 
when the halogen has reacted quantitatively with the silver Several workers” 
describe an amperometric titration of mixtures of halides with a rotating 
platinum electrode. The method is less accurate than the potentiometric 
method but much speedier. 
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A study of the anodic polarization of the halides has been made by connect- 
ing the dropping electrode with the positive terminal and the large electrode with 
the negative terminal of the electrolyser containing 0-1 N-potassium nitrate®® 
and it was found®® that Cl” showed an anodic step at the potential of the calomel 
electrode. In many cases Cl” could be determined at concentrations below 
0-004N., and > yg. Cl” per ml. could be determined with an accuracy of + 2%. A 
polarographic titracion of an alcoholic chloride solution may be: made with lead 
nitrate solution added from a microburette.®” 


THE MICRO DETERMINATION OF CHLORINE 


Some simplification of Pregl’s original method of elementary analysis has 
been described,°** and a micro Carius tube, heated in a bath of methyldiphenyl- 
amine rather than in a bomb furnace, has been used.®° A study of the micro 
Carius method for halogens shows that the difficulty or ease of the analysis 
depends upon the structure of the compound analysed.?° Other workers have 
continued to suggest improvements on the original method of Pregl;797*73 some 
advocate the sodium peroxide — sugar fusion method in a micro bomb, while 
others * prefer the Carius tube method and give precise details for its use, 
showing that 5 — 6 drops of nitric acid in the tube followed by heating for 30 
min. eliminates any troubles due to explosions. 

The Pregl method was modified ’® by sealing a quartz absorption tube verti- 
cally to the end of the combustion tube, so that the absorbing solution may be 
removed without cooling and afterwards drying the combustion tube; while 
others’’used the Pregl spiral combustion tube in two sections separated by a 
ground glass joint used without lubricants. Detailed instructions have been 
given for using the microtrain in the combustion of highly volatile liquids such 
as methylene chloride.”® 

A number of vartants of the classical Pregl technique have been proposed. 
Some workers’? burn a few cg. of material in a stream of oxygen with platinum 
as catalyst. The halide is titrated with 0-05 N-silver nitrate added from a 
weight burette using fluorescein and starch as indicator. Excellent results 
were recorded. Stepanov’s method employing sodium and ethyl alcohol was 
modified®° by heating the substance under reflux with sodium and ethanolamine, 
with some dioxan if aromatic compounds were being examined. 

Volatile compounds canonly be destroyed successfully by mixing them with 
oxygen and passing them over heated platinum foil and then over a mixture of 
lime and sodium carbonate.** Similar techniques have been used without a 
catalyst but with a faster flow rate for oxygen (50 ml./min.),** in which case 
halogens are absorbed outside the tube. 

The substance may be heated with potassium in a sealed tube when the 
potassium chloride produced may be determined within + 0.3%.** Aliphatic 
halides and some aromatic halides when heated with bases such as piperidine 
or pyridine in sealed tubes at 200°C. for 2 — 3 hours are converted to -onium 
salts containing ionic halogen which can be determined within + 0-04%.°* A 
detailed examination of the Grote-Krekeler micro combustion apparatus has given 
rise to a number of suggested improvements.®*> The micro (1 — 120 wg. Cl) and 
ultra-micro (0*25 - 1:0 ug. Cl) determinations of chlorine in organic matter 
have been further developed.*° 

By treating®’ organic matter with 2 ml. of concentrated sulphuric acid and 
0.3 g. potassium dichromate for 20 min. at 150°C., chlorine was expelled and 
absorbed in 1-5 ml. of 15% caustic soda solution and 0-5 ml. of concentrated 
sodium bisulphite solution. Excellent results were obtained. Chlorine thus 
evolved has also been made to combine with hydrogen formed catalytically from 
hydrazine and palladium in presence of a little caustic potash.** Other work on 
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this technique has beenreviewed:** it confirms that the nickel chromite catalyst 
used for hydrogenation must be treated with hydrochloric acid to free it from 
chromic oxide.®® By working at 400 — 450°C. and titrating the hydrochloric 
acid produced with standard alkali, a 2 — 5 mg. sample was analysed ina few 
minutes; the test was sensitive to 1 pg. chloride (or other halogen). For micro 
quantities of blood or urine, chlorine was liberated by potassium permanganate 
at 20 — 30°C. and absorbed in 1 ml. 20% potassium iodide solution:*° the liber- 
ated iodine was then titrated against sodium thiosulphate in a Conway burette. 
Quantities of the order 0-7 to 35 pg. Cl were thus determined. 

Because of the difficulties associated with titration of halides on a micro 
scale, some workers” prefer to weigh the chloride as silver chloride after com- 
bustion in a micro-bomb. The transfer of the precipitate of silver chloride to 
the microefilter is not difficuit®* but is facilitated by the use of a small beaker 
having a spout containing a fritted glass filter.°* The possible errors in potentio- 
metric micro titrations of Cl” with silver nitrate have been pointed out, and 
methods of making accurate titrations in a final volume of 10 ml. with 0-001 N- 
silver nitrate have been described.** Solutions in alcohol or acetone have been 
used to avoid the error caused by the solubility of silver chloride in water.” 
Solutions down to 0-0001 N. are titrated in quantities down to 0-25 ml. Other 
workers®® similarly considered the solubility of silver chloride to be a decisive 
factor in the conductometric determination of traces of Cl: they determined 
0-01 mg. of Cl” in water and 0-001 mg. in alcohol, at which level the error of the 
determination was 10%. 

A gasometric micro method for the determination of Cl in biological fluids 
has been devised;®” by its use about 15 determinations per hour can be made 
with a precision of + 0-5% in 0-1 ml. of liquid. The solution is shaken with 
silver iodate and the IO; which replaces Cl” in solution is estimated by adding 
alkaline hydrazine and measuring the nitrogen evolved manometrically in a Van 
Slyke-Neill apparatus (1 Cl” = 6 of oxidized N,H,). The IO; could be measured 
also by adding potassium iodide after acidification (1 Cl’ =6 1): if the iodine 
liberated was determined colorimetrically 0-0003 mg. Cl’ could be measured. 

A colorimetric determination of Cl” at concentrations of a few mg. per litre 
has been proposed.*® Excess of 0-01 N-silver nitrate is added to the solution 
containing Cl’, ferric alum and nitric acid, the precipitated silver chloride is 
removed and an aliquot portion of the filtrate. is treated with 0-01 N-potassium 
thiocyanate; after removing silver thiocyanate, the solution contains red ferric 
thiocyanate equivalenttothe original Cl’ content. The suppression of the colour 
reaction between mercuric ion and diphenylcarbazide has also been used as a 
measure of Cl’;”? at pH 4, 0-025 mg./1. of Cl” could be detected and traces of 
iron and ammonia did not interfere. 

By a mercurimetric micro-titration,*°° 0-5 mg./1. of Cl” was measured with 
an accuracy of 5%. Mercurous iodate has been proposed for use in the titration 
(pH 2e2)> He On) er 2Cl ris Clo 20ers 

Further work: has been done on the nephelometric determination of Cl” by 
means of suspensions of silver chloride in50% ethanol at 40°C.*% Under these 
conditions concentrations between 4 and 300 x 10° M. were determined with an 
average deviation of 3 to 4%. The effect of various salts on the sensitivity of 
the method has been examined*™ and the details necessary for the highest pre~ 
cision in a nephelometric method have been described.**%* 0-008 — 0.42 mg. 
C1/10 ml. of solution may be measured by adding the sample to a mixture of 
ethanol, silver nitrate and nitric acid and reading off the turbidity in a Klett 
nephelometer.*°* A comparison was made with Lamb’s method.?% Furman and 
Low *°® concluded that electrometric titrations were more accurate, easier to 
perform and less time-consuming than nephelometric methods and they described | 
a new photronic nephelometer. A Hellige turbidimeter has been employed to 
avoid the necessity of making reference standards.*°7 Using the technique 
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described by Lamb, Furman and others, good results have been obtained on 
samples containing 0-25—5 p.p.m. of Cl’. Permanent standards made in methyl 
methacrylate resin are available for measuring Cl nephelometrically. 

The Tyndall effect and fluorescent photometry have also been proposed for 
determining traces of halogens,*°® 


DETECTION AND DETERMINATION OF CHLORIDE IN 
PRESENCE OF OTHER HALIDES 


A suggestion of Vortmann for the detection of Cl in presence of Br and I” 
has been re-examined. *°® A mixture of silver chloride, bromide and iodide is 
treated with sodium arsenite solution. The latter reacts solely with silver 
chloride to give sodium chloride and silver arsenite which is soluble in excess 
sodium arsenite solution. Upon adding acid to the solution a positive reaction 
for chloride can be obtained with silver nitrate. Cl may be detected in pre- 
sence of other halides by washing the silver halide precipitate free from silver 
salt and suspending it in water containing some potassium ferricyanide and a 
little ammonia.**® If the silver precipitate contains silver chloride, enough is 
dissolved to produce a brown precipitate of silver ferricyanide which is much 
less soluble in ammonia than is silver chloride. A coloration is developed 
when Cl, Br and I are heated with brucine and potassium persulphate in dilute 
phosphoric acid.*** When strychnine is the alkaloid chosen, only Br and IT 
give colorations; with cinchonidine, I alone produces colour. 

Traces of Cl” (or Br’) in iodides may be determined by adding sodium nitrite 
and sulphuric acid to the halide solution. After filtering off free iodine and 
boiling off any dissolved iodine and excess nitrogen peroxide, Cl (or Br’) is 
determined with silver nitrate.7** Cl, Br and I may be determined together 
when each does not exceed 0-3 g. by a procedure*** which involves (a) the 
determination of I” by means of potassium iodate, (b) the determination of Bré 
by means of the reaction Br + HCN + 2@= BrCN + H*, and (c) the determina- 
tion of Cl” by difference or argentometrically after removal of Br and I. 

Oxidation with bromic acid in the presence of hydrocyanic acid, whereby 
the cyanogen halides are formed, has been employed as a method for the deter- 
mination of mixed halides.*** 
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Cyanogen bromide is not formed until all the [ has been converted into 
cyanogen iodide. Similarly cyanogen chloride is not produced as long as Br _ or 
I ispresent. Excess bromate may be destroyed by aniline, phenol or sulphanilic 
acid, and any cyanogen chloride determined after the following reaction has 
taken place :- 


GENO De eens Flat ON. 


2 


After the addition of potassium bromate, I and Br react also with acetone 
to form C,H,OI and C,H,OBr, but Cl” does not reacs."'* To determine chloride, 
therefore, add 20 — 30 ml. of acetone to 60 ml. of neutral solution and enough 
sulphuric acid to make the solution finally 1 — 1-5 N. in acidity, and thena 
slight excess of 0-84% potassium bromate solution (about 3 — 5 ml. excess). 
Addatonce 50 ml. of 5% ferrous sulphate solution and titrate the Cl” with silver 
nitrate in the usual way, after adding sufficient 2 N-nitric acid and ferric alum. 

Precipitated silver halides may be separated by their decreasing solubility 
in increasing concentrations of ammonia, in the order silver chloride >bromide> 
iodide.44® Halogens in admixture may be determined on a micro-scale."*’ The 
silver salts are weighed and then converted either into bromide, or into iodide 
by heating with the appropriate ammonium salt. [T° is then determined separately 
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by titration with potassium iodate solution. If just sufficient silver nitrate 
solution is added to precipitate all the IT and Br from an ammoniacal solution 
and sodium carbonate and arsenite solutions are added to the filtrate which is 
boiled for 20 — 25 min., the precipitate of silver arsenite may be dissolved in 
hot concentrated nitric acid and titrated by the Volhard method, thus giving a 
measure. O1.@ a> 

Traces of Cl” may be determined in 1 g. samples of bromide by oxidizing the 
latter with potassium permanganate at controlled acidity and removing the bromine 
evolved with acetone. Excess permanganate is removed by hydrogen peroxide 
and the Cl” determined with silver nitrate.**? Similarly freshly precipitated 
manganese dioxide may be used to release bromine from acid solutions of Br’ .*?° 
Chlorine is not liberated and after boiling off all the bromine, the Cl is deter- 
mined by any suitable procedure. 

The original Berg method (oxidation of hydrobromic acid with bromic acid 
in presence of acetone toremove bromine) has been modified,*?¥*”? and if aluminium 
nitrate is added instead of acetone, bromine must be boiled off before precipi- 
tating the Cl’. Berg’s method has been criticized as inaccurate when deter- 
mining traces of Cl” inpotassium iodide.*** A preferred technique is to liberate 
all the iodine by oxidation with potassium permanganate and to remove the last. 
traces of iodine withbenzene. The accuracy of the Berg method may be increased 
by raising the pH of the solution; the normality ot the acid for solution should 
never fall below 1 N.*74 

The electrometric titration of the halides in the presence of one another has 
been described and a number of empirical corrections have been found neces- 
sary.**® Both silver bromide and chloride are precipitated near the end-point 
of an electrometric titration so that it is preferable to destroy I or Br before 
proceeding with the titrationofCl°**® The halogen hydracids may be measured 
indirectly by dissolving the mixed silver salts in either concentrated potassium 
bromide or concentrated potassium iodide solutions. Thus silver chloride and 
bromide are weighed together and the Cl” is subsequently replaced by Br’.*?” 
The solution is diluted and made acid with nitric acid after which all the silver 
is precipitated as silver bromide. The Cl can then be calculated. Similarly 
by means of potassium iodide solution all the halides may be converted into 
silver 1odide. Thiocyanates, which are one of the chief interfering bodies in 
tests for Cl’, may be removed?*® by adding pyridine and an excess of neutral 
copper sulphate solution. CNS” is precipitated as Cu(C,H,N),(CNS),. It may 
be found sufficient to destroy CNS or CN” by boiling with hydrogen peroxide 
in strong caustic potash solution**? and this technique is recommended by other 
workers**° who find also that boiling concentrated nitric acid will destroy silver 
thiocyanate but not silver chloride. The bulk of the CNS” can also be removed 
by precipitation with lead nitrate and the remainder by boiling with nitric acid 
and potassium nitrite.*** The equally troublesome CNSe ion can be removed 
by precipitation with pyridine and nickel sulphate as [Ni(C,H,N),|](CNSe),.?* 
Traces of this blue compound still remaining in solution may be extracted with 
chloroform or carbon disulphide. Interference by CN” may be circumvented by 
adding 5ml. of 20% formaldehyde to 50 ml. of the mixed salt solution. This 
solution is then shaken and 5 ml. of 30% nitric acid are added: residual Cl” may 
then be titrated by Volhard’s method since any cyanide has thus been converted 
into glycollate and hexamethylenetetramine.*** If 8 drops of areagent (AgNO, 
4+25, HgO 2+7 g., HNO;, d 1-4, 10 ml., H,O 50 ml.) are added to2 ml. of solution 
to be tested, an intense turbidity persists even after adding 2 further drops of 
reagent if more than 1% of Cl” is present.1*4 


THE DETERMINATION OF HYPOCHLORITE AND THE 
ANALYSIS OF BLEACH LIQUORS 


te common bleaching agents (other than chlorites) are so important indus- 
trially that their analysis may be considered as a special case, although the 
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_ analytical techniques employed must be viewed in conjunction with the analysis 
of hypochlorites in general. A manometric apparatus for measuring the pressure 
of oxygen evolved when hypochlorites are treated with hydrogen peroxide may 
be used as a means of estimation.'*® *°° Such techniques are simple and may 
serve aS rapid plant control methods. It has been shown that Penot’s arsenite 
method for the determination of available chlorine in bleaching powder is more 
accurate than Wagner’s iodometric method (potassium iodide and acid) owing to 
the interference of ClO; in the latter case.**” If 2 — 4 ml. of 50% acetic acid 
are added to 25 ml. of solution, the iodometric method then agrees with the 
arsenite method within 0-2 — 0.3%. A study of the arsenite titration indicates 
that the end-point is uncertain when potassium iodide starch paper is used as 
external indicator.*** It is better to titrate the solution almost to finality, then 
to ada potassium iodide and starch and continue the titration until the blue 
colour disappears. Another useful procedure is to add excess arsenite solution 
and, after allowing the liquor to stand for a few minutes, to acidify strongly 
with hydrochloric acid and titrate back with standard potassium bromate solution 
using the decolorization of methyl orange to show the end=point.'*® The bleach 
liquor may be run from a burette into an acid arsenite solution containing methyl 
orange which is destroyed at the end-point.**° If bleach liquors are titrated 
electrometrically itis possible to avoid either reduction of chlorate during titra- 
tion, or indeed its formation from hypochlorous acid during analysis.*** Two 
bright platinum wire electrodes are used, one of them placed in the bleach liquor 
and the other in the reference electrode, an 8 cm. long tube containing potas- 
sium sulphate solution and some titrated hypochlorous acid solution. The elec- 
trodes are connected through a high resistance millivoltmeter. Excellent results 
have been obtained electrometrically using the Penot method of titrating with 
arsenite solution containing excess of sodium bicarbonate or by the Pontius 
method of titration in alkaline solution with potassium iodide solution. The 
use of arsenite solution has been criticized because of its instability and because 
the presence of ammonium salts causes errors in the titration.*4? For this 
reason sodium nitrite in bicarbonate solution has been used as titrant, after 
being standardized against potassium permanganate. Chlorate is not reduced 
by sodium nitrite. 

An apparatus designed for plant control tests on bleach liquor comprises a 
graduated tube with a lower reaction bulb and an upper stoppered bulb holding 
75 ml. of liquid. The reaction bulb ts filled with 75 ml. of standard solution of 
indigo-carmine, the stopper placed in the upper bulb, the apparatus inverted and 
the burette read. After reversal to the normal position the solution to be anal- 
ysed is added slowly until the colour of the indigo-carmine changes from blue 
to light yellowegreen. The stopper is then replaced, the apparatus inverted and 
the burette again read to observe the amount of bleach liquor added.*** An 
extensive comparative study of the various volumetric methods proposed for 
the assay of bleach liquors has shown that differences between all the methods 
examined are very slight.*** | 

The problem of determining free chlorine and hypochlorous acid together in 
brine has been examined. When the solution is aerated to remove free chlorine 
the rate of removal is a linear function of concentration so long as any free gas 
remains. When all free chlorine has gone, further chlorine is formed from the 
hypochlorous acid and the rate of removal varies as the square of the concen- 
tration of the latter.*** The rate of evolution may therefore be used to measure 
the original concentration of chlorine. 

The Pontius method for determining ClO, 

SOG aerOnOO i. Hefty se lO SCO 3Ch,) + 3H,0: +..3C0,, 
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has been studied by several workers.**°»**” They conclude that the oxidation 


tolO; occurs by way of IO” and that if the titration is rapid this conversion may 
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be incomplete so that too much reagent is used. 

Schleicher **® refuted the claim of Clarens that some chlorine dioxide was 
formed when sodium hypochlorite was titrated with arsenite solution. By means 
of alkaline arsenite solution hypochlorous acid may be estimated directly and 
chlorous acid indirectly by reducing a further portion of the solution with arsenite 
in hydrochloric acid solution.**? The constituents of a mixture of ClO, BrO, 
Cl’, Br’, ClO}, BrOj in solution may be analysed by means of arsenite titrations 
coupled with selective attack on phenol by BrO’.*°° A proposed indicator for the 
arsenite titration of hypochlorite is Quinoline Yellow added shortly before the 
end-point.*** The change is from yellow—green to colourless. This indicator 
has also been recommended for use with a specially prepared arsenite solution 
containing sodium bromide and excess acetic acid.?°? 

It has been shown that a modification of the procedure of Treadwell’s** 
method for the electrometric titration of hypochlorite can be made satisfactory 
by the use ofaneutral salt alone in the reference electrode cell.*** Hypochlorite 
may be ‘itrated potentiometrically in the cold, after adding sodium carbonate 
with cuprous chloride solution.*** Chlorate is similarly titrated in strongly 
acid solution at 80°C. Use of the chlorine electrode in the analysis of hypo- 
chlorites has been considered,'** but it was not found possible to determine the 
active chlorine in hypochlorite solutions by its use. Methods for distinguishing 
between OCI and N-chloroamines in solution have been studied.*** Hypochlorite 
ion is irreversibly reducible at the dropping mercury electrode at all pH values 
between 3-6 and 11-0 whereas chloramine-T is reduced more and more slowly 
asthe pHrises. Itisthus possible to determine ClO’ in presence of chloramine- 
T at pH 11-0 by the great difference in their rates of reduction by arsenite. A 
differential method of analysis for mixtures of chloramine-T and sodium hypo- 
chlorite based upon the slow reaction of the former with hydrogen peroxide in 
alkaline solution, has been devised, which with some modifications may be 
used when chlorite is present.**” 

Antimony trichloride solution may be used as a reducing agent in hypochlorite 
analysis: **°* excess antimony is measured by titration with standard potassium 
bromate using methyl orange as an oxidation indicator. Hot oxalic acid solution 
has also been used**? to reduce the ClO", as has nitrite solution added to hypo- 
chlorite buffered with acetic acid-sodium acetate.*® 

A study of the analysis of solutions containing hypochlorous or chlorous 
acid*®* shows that it is necessary to determine fa) total available chlorine in- 
cluding ClO;, OCI” and chlorine dioxide by means of potassium iodide and sodium 
thiosulphate, (6) hypochlorite by means of arsenite-iodine, (c) total oxidizing 
power including ClO; with sodium thiosulphate, (d) Cl” with silver nitrate, 
(e) chlorine dioxide by means of sodium thiosulphate, (f) acidity or alkalinity. 161 
Hypochlorite 1s reduced to chloride in solutions containing bicarbonate by means 
of hydrazine sulphate.*® Potassium bromide is added to the mixed hydrazine 
sulphate-bicarbonate solution which is then titrated with the hypochlorite solu- 
tion until free bromine is liberated. This titration gives OC]°j ClO} and OCI 
are then determined together in another portion with acid potassium iodide and 
standard sodium thiosulphate. 

Hypochlorous acid is sufficiently volatile in a current of hydrogen to de- 
colorize a dilute solution of indigo and may thus be detected: C1O,, ClO, and 
NO; do not interfere.*®** The acid may be detected in quantities of 0 7 pg. by 
the colour givenbyClO with pp‘-dihydroxytriphenylmethane in neutral or weakly 
alkaline solutions; many normal oxidizing agents do not interfere.'™ 

. Andistinction between -free chlorine and hypochlorous acid lies in the fact 
ee free chlorine oxidises phenolphthalin to phenolphthalein and ferrocyanides 
to ferricyanides whereas OCI” does not.*® Potassium ferrocyanide is added 
to a solution containing hypochlorous acid and chlorine and is followed by an 
alkaline solution of phenolphthalin. The liquid turns pink. It is possible there- 
by to distinguish between waters purified by free chlorine and those treated 
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with chloramines. Chlorine, ozone and OCI gave different series of colours 
with 4:4'-tetramethyldiaminodiphenylmethane;'®* some differentiation of ozone 
and chlorine etc. is possible by this means. The methods used to distinguish 
between hypochlorous acid, its salts and free chlorine have been critically 
reviewed.'*” ! 

It is possible to distinguish between chlorine and chlorine monoxide by 
absorbing them in potassium iodide solution.*®* Chlorine liberates iodine 
with no change in acidity, but chlorine monoxide liberates both iodine and 
hydrogen ions. In order to analyse the mixture, absorb the gas in potassium 
iodide solution, add a measured volume of sulphuric acid and titrate with 
sodium thiosulphate, then add excess of potassium iodate and again titrate 
with thiosulphate. 


THE DETERMINATION OF CHLORATE — 


The use of amalgams to reduce C1O;, BrO,; and IO; to Cl’, Br and I re- 
spectively has been tried.'**, The measurement of the reaction is effected 
by reducing Ti cto eae Bs at 60°C. with the excess amalgam. Acid 
solutions containing ClO, may be titrated directly with amalgam over a 
period of 3—10 min.,*” or sulphuric acid solutions of ClO; may also be 
titrated with 0-05 N-titanous sulphate solution electrometrically. 

Ferrous sulphate has been chosen as a reducing agent for the titration 
of ClO;:'777* the chlorate ion is quickly reduced at 20°C, in presence of 
sulphuric acid, and excess ferrous sulphate may be titrated with potassium 
permanganate. Phosphoric or sulphuric acid may be used to acidify the 
solution, and after adding an excess of ferrous sulphate solution the excess 
is titrated, after standing for 10min. or more, with 0-1 N-potassium dichromate 
using diphenylaminesulphonic acid as oxidation indicator.*”* It has been 
said that in order to reduce ClO; with ferrous sulphate the solution must be 
boiled for 10 min.,*”®> though this practice was considered by earlier workers 
to be unnecessary. Reduction may also be effected with Fe’ in 40% hydro- 
chloric acid in presence of a little molybdate catalyst:’7° excess Fe’ is 
then titrated with standard dichromate as described by Williams.’ 

It has been confirmed that the reaction between hydriodic acid and chloric 
acid is greatly accelerated by Fe *(17%178 The reaction is also very rapid if 
the concentration of hydrochloric acid is at least 7-5 N.*”? The reaction is 
complete in 1 min. with 1-5 times the theoretical amount of potassium iodide. 
After adding concentrated hydrochloric acid and potassium iodide, iodine may 
be boiled off and collected in a receiver containing potassium iodide solu- 
tion.*®° A few p.p.m. of ClO; in caustic soda may thus be estimated, and 
the various sources of error have been reviewed. 

Chlorate in solution may be estimated by adding potassium bromide, 0-1 
N-sodium arsenite solution and hydrochloric acid; after boiling for 10 min. 
the solution is diluted and titrated hot with 0-1 N-potassium bromate using 
methyl orange as oxidation indicator.*** Osmium tetroxide has been used as 
catalyst in this case for the reduction with arsenite,*** but some workers 
prefer to titrate ClO} potentiometrically.*** Various reducing agents have 
been proposed for the determination of ClO; by volumetric analysis. Among 
these are uranous sulphate,*** hot sulphurous acid*** and vanadous sulphate 
in an atmosphere of carbon dioxide which gave consistently higher figures 
than those obtained by ferrous sulphate reduction.**® The oxidation of 
thiourea, CS(NH,),, to [NH,(NH)CS], by ClO3 is the basis of one method.**’ 
The chlorate solution is added to 20 ml. 18 N-sulphuric acid, 5 ml. of 1% 
potassium iodide and a measured volume of 0-1 N-thiourea. The mixture is 
heated at 70°C. for 10—15 min., cooled, diluted and titrated with bromate=- 
bromide solution. Chlorate ion may be determined in presence of NO, either 
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by reduction with sulphur dioxide or by sodium nitrite and acetic acid in hot 
solution.’®® As little as 0-01—0-001% potassium chlorate may be detected 
in nitrates by the coloration given with silver nitrate, hydrochloric acid and 
aniline. The coloration, which is fugitive (about 10 min.), changes from 
violet through blue to green. Under certain conditions this test can be made 
specific for ClO; in presence of BrO; or IO;,** 

The course of the reaction between ferric salts and chlorates has been 
studied with the polarograph.**° The detection of the halogenates each in 
the presence of the others has been described. ClO, can be detected by 
heating the solution with zinc and sulphuric acid, whereby free bromine and 
iodine are expelled, and then testing for Cl.” A reaction has been proposed 
for the detection of ClO} in the presence of ClO, and NO,.*°* One gram of 
fine powder is treated with 5 ml. of freshly prepared H,S water. In presence 
of ClO; a turbidity due to sulphur appears within 15 sec. and in 1—3 min. 
the solution becomes white and opaque. ClO, does not show this reaction 
and it takes at least 10 min. for the same quantity of NO; to show any effect 
10 pg. Potassium chlorate in 0-1 ml. can be detected. A method of detecting 
ClO,, BrO,. and IO, in admixture with halides by reduction with zinc dust 
and sulphuric acid has been described.**” 

Several sensitive tests have been proposed for the detection of ClOj-._ If 
1 ml. of solution is evaporated to dryness with 1 ml. 0°-5 N-ammonium thio- 
cynate and the residue heated to 140-150°C., an orange red colour develops 
with more than 0-25 mg. potassium chlorate. ClO, does not give a similar 
reaction, but IOj,, BrO’", S,O7, and. molybdates do so.** Difficulties experi- 
enced in applying the well-known aniline reaction to the colorimetric detec- 
tion of ClO}, have been noted.**® Offord*®® uses a modification of Poch’s 
method’***, but employs filter paper impregnated with ammonium thiocyanate; 
he lists a number of interfering bodies. Autenrieth’s test for ClO, using 
indigo and sulphuric acid is extremely sensitive.’?? This fact is confirmed 
and it is shown that a«specially prepared indigo-carmine solution enables 1 
drop (0-060 ml.) of a 0-001% solution of sodium chlorate to be detected.’ 
The method is valuable in the detection of ClO; in seeds and roots. A method 
has been adopted for the determination of ClOj in milk (0-5 p.p.m. of NaClO,; 
1 ml.) and serves indirectly for the detection of OCI".*°? Milk treated with 
78°4% sulphuric acid shows a strong yellow fluorescence in ultra-violet light 
in presence of ClO,. A little stannous chloride is added to prevent fluor- 
escence due to normal oxidation.”°° About 10 parts of chlorate per million 
of milk can thus be detected. A drop or two of pyridine sulphate solution 
added to a chlorate residue in a porcelain dish produces a permanent red 
colour.” Chlorate may be detected in caustic soda solutions by adding a 
solution of o-tolidine hydrochloride to the solution and neutralizing with 
hydrochloric acid. The yellow colour produced is then measured. Five 
parts per 10° can be measured accurately to within 4% after allowing for 
interference caused by iron, manganese and copper.”*? Quantities of sodium 
chlorate of the order 10-100 pg. per ml. can be titrated by means of standard 
methyl orange solution. The results are accurate to within 1—2%.?% 

Chlorate may also be detected by the evolution of chlorine dioxide after 
treatment with concentrated sulphuric acid. The halogen oxide gives a blue 
coloration with benzidine acetate.?** One microgram may be detected at a 
concentration of 1:10* and 2500 parts of NO; has no effect. NO; must be 
removed by acid sodium azide solution and halides by the action of silver 
nitrate. 


THE DETERMINATION OF PERCHLORATE 


K68nig*** modified Rothmund’s method (the reduction, of C1Oj by boiling 
with acid titanous sulphate) by titrating the excess Ti salt with ferric 


alum using thiocyanate as indicator. The best precipitant for ClO, is a 
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concentrated nitron solution.””* It has been shown that NO;, ClO} and C10; 
all give characteristic precipitates with nitron but that by the action of 
Devarda’s alloy in alkaline solution the two former ions may be reduced 
without affecting the ClOj.7°° Heller?°” 7°* investigating Gasparini’s method 
of electrolytic reduction of ClO, in concentrated sulphuric acid, found that 
the electrolysis was slow and ClO; was also reduced. Perchlorate in 
solution may be treated with boiling arsenite solution acidified with sulphuric 
acid; excess of arsenite is then destroyed with permanganate and the Cl” 
produced from the ClO, is weighed as silver chloride.” Perchlorate may 
be precipitated as its potassium salt in aqueous alcohol by addition of 
potassium acetate in -alcohol.*° Some modifications are necessary if Cl’, 
ClO, or NO, is present. If the perchlorate is heated with excess chromic 
oxide and Sodium carbonate in an atmosphere of carbon dioxide for 20 min. 
and finally ignited for 20 min., the CrO, produced may be determined iodo- 
metrically after adding potassium iodide to a solution of the melt.7** Tetra- 
phenylarsonium chloride is suggested as a precipitant for ClOj,7*? though 
other ions, such as MnO,, IO, etc., are also precipitated. A solution 
containing ClO, can be titrated potentiometrically against this reagent. 

Perchlorate may be determined in the presence of much C1O3 and Cl’.?*% 
Chlorate, but not perchlorate, is reduced with sulphur dioxide which is 
readily expelled by boiling; the ClO, ion is then reduced with titanous 
chloride in an inert atmosphere. If perchlorates are treated with concen- 
trated sulphuric acid and an oxidizing agent such as potassium persulphate, 
the gases evolved being caught in sodium sulphite or similar solution the 
resulting Cl” may be determined potentiometrically with silver nitrate.*** 
The gases evolved in the distilling flask are mainly chlorine peroxide. 
By modifying the procedure, mixtures of ClO}, ClO, and Cl” can be ana- 
lysed, 

Traces of ClO, in crude nitrate are determined by precipitation as the 
perchlorates of organic compounds containing quaternary ammoniacal groups 
such as malachite green, crystal violet or (Hofmann’s reagent) methylene 
blue.745 Hahn used 20 ml. zinc sulphate solution, d 1-35, and 5 ml. of 0-001 
M-methylene blue as reagent. Five ml. of this solution was shaken with 
0-2 ml. of 20% solution of nitrate and compared with colour standards con- 
taining O—1-0% of potassium perchlorate. After 1 hr., differencés of 0-01% 
of perchlorate can be detected. 

Fedorova”® modifies Hahn’s reagent to allow for the detection of ClO, in 
ClO; and shows that 0-001% potassium perchlorate can be detected ina 
mixture of 1% potassium chlorate and 99% potassium nitrate. She also 
shows”*” that Hahn’s reagent is superior to Hofmann’s reagent (loc. cut.) 
because it is simpler to use. The method is employed to detect 3 yg. of 
C10}. or 0-01% perchloric acid in cellulose acetate.”* It is pointed out?” 
that the use of methylene blue as laid down by Monier does not give accurate 
results and better directions for its use are given. Methylene blue and picric 
acid are used for the volumetric microdetermination of ClO, ”*° 

Behrens’ test for the detection of perchlorate is fecommended 2?! Rubidium 
perchlorate is formed on a microscope slide from rubidium chloride solution 
alkaline with sodium bicarbonate. After careful drying but while barely dry, 
1-2 drops of potassium permanganate solution are added and the residue is 
dried again until crusts form. Microscopical examination can then detect 
0-1% potassium perchlorate. Traces of perchloric acid (0-0001 —0-001%) in 
spent accumulator acid may be determined by reducing with titanous sulphate 
and titrating the hydrochloric acid formed with mercuric nitrate solution and 
sodium nitroprusside indicator.”7* Perchlorate present in biological fluids 
may be. estimated with titanous chloride solution, the excess of which is 
titrated against 0-01 N-ferric chloride solution;?* the relationship, 8 mol. of 
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titanous chloride per mol. of ClO,, is particularly favourable.”** It has been 
shown that the colorimetric method of Krtiger and Tschirch”*® is specially 
suited for determining sodium perchlorate in sodium nitrate and for mixtures 
of sodium perchlorate and chlorate.?** | 

The various methods for the determination of perchlorates have been 
compared and the defects of each pointed out.**° The colorimetric method 
of Hahn (loc. cit.) and the method of Spitalsky and Jofa (loc. cit.) are recom- 
mended for traces.?*”7. Nichols??® challenges the statement (Mellor, II, 381) 
that perchlorates are reduced by titanous chloride while chlorates are not. 


THE DETERMINATION OF CHLORITE 


Chlorites may be titrated electrometrically by means of sodium thiosulphate 
after potassium iodide has been added to the sulphuric acid solution”? and 
most of the titrimetric methods devised for ClO” will also serve to determine 
C10; .7°° To determine ClO” and ClO} in admixture in a single sample, ClO” 
is measured potentiometrically with sodium arsenite solution alkaline to 
caustic soda; excess of the alkaline arsenite solution is then added and the 
sample neutralized to methyl orange. Concentrated hydrochloric acid is then 
added to obtain a 4% solution and the sample is back titrated with 0-1 N- 
potassium bromate. This second procedure allows the determination of ClO, 
to be made:784 ClO} present in concentrations below 1% does not interfere. 

Chlorites may be titrated potentiometrically in a cold solution by means 
of ferrous sulphate: the solution is made slightly alkaline and sodium acetate 
is added.**** Chlorite can also be determined in presence of ClO; by a 
titrimetric procedure, but the ClO} is high by 2% when ClO; is 1-N.**? As 
little as 0-1 mg. of hypochlorite may be determined in presence of ClO), 
ClO, and Cl by titration of the ammonia evolved when the mixture is steam- 
distilled with an alkaline solution of aminoacetic acid.”** Even with a large 
excess of ClO, the error does not exceed 1—6%. The paper gives a useful 
general discussion of methods for the analysis of commercial chlorites. 

Chlorites may be detected by adding a neutral carbon dioxide-free solution 
to mercuric nitrate whereby a red precipitate of mercuric chlorite is formed; 
other chloro acids do not react similarly.7** A few ml. of a 0-1% solution of 
p-phenetidine acidified with formic acid is covered with ether and shaken 
with 1—3 drops of the chlorite solution: if chlorite is present a clear violet 
colour develops in the aqueous solution, any coloured compound produced 
by ClO” passing into the ether.**® 

The analogous constitution of chlorites and. nitrites may be used as a 
means of identifying the former.7*°* Thus the coloured products obtained 
with the three primary, homologous diamines may be coupled with an amine 
or a phenol, and in this way 5 pg.of ClO, may be detected in a drop of solu- 
tion. The method succeeds in presence of ClO; but not in presence of ClO’. 
A green colour given by chlorite in an acetic acid solution containing copper 
is unaffected by the presence of ClO; or ClO: 25 pg. of ClO; can thus be 
detected in a drop of solution. 

Dissolved chlorine dioxide in solutions of Cl” and ClO}, may be deter- 
mined by utilizing the fact that ClO} is not reduced at a mercury cathode;?** | 
chlorine dioxide is reduced so rapidly thatthe mercury drop is coated instantly 
with Hg’ compounds and then functions as a Hg/Hgtt+ electrode. A mixture 
of chlorine, monochloroamine, chlorine dioxide and ClO} in water can be 
analysed by four amperometric titrations with standard arsenite at pH 7. One 
sample is titrated after hydrolysis at pH 11; another, also hydrolyzed at 
pH 11, is treated with potassium iodide just before titration; the third is | 
titrated in presence of potassium iodide without previous hydrolysis and the 


last is treated with potassium iodide at pH 2 and then buffered at pH 7 for 
titration.”*” . 
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THE DETERMINATION OF HYPOCHLORITE, CHLORATE 
AND PERCHLORATE IN ADMIXTURE 


IfC1O™ is first titrated with arsenite solution inthe cold in 5% hydrochloric 
acid, ClO, may then be determined by a further similar titration after raising 
the acidity to 10—12% and boiling; perchlorates do not interfere.7** Similarly 
it is possible to determine ClO and ClO, together in boiling solution and 
C103 alone after decomposing hypochlorite with ammonium chloride.”*? When 
ClO’ is determined with arsenite, another portion of the sample may be reduced 
with the same amount of arsenite after buffering with boric acid and sodium 
borate to pH 7-4, the total chloride is titrated potentiometrically with silver 
nitrate: the original Cl” is then calculated by difference.**° 

Chloride ion may be titrated in dilute acid solution with mercuric nitrate 
solution and sodium nitroprusside as indicator: ClO is then reduced with an 
acid arsenite solution and the above procedure is again carried out: finally 
C103 is reduced to Cl’ by boiling with sodium nitrite solution and the Cl” is 
again determined.*** If ClO; is reduced with acid formaldehyde, ClO, may 
be determined in the filtrate after precipitating all the Cl” as silver chloride?” 
Chlorate and perchlorate in brines, are determined by reducing ClO3 with 
Mohr’s salt and titrating excess Fe with ceric sulphate. The solution is 
rendered ammoniacal to remove iron and cerium and after acidification excess 
titanous sulphate is added to reduce ClO, to Cl and the excess is titrated 
with ceric sulphate.*** Alternatively, Cl., ClO; and ClO, may be measured 
in admixture by precipitating Cl” with silver nitrate, reducing ClO} with zinc, 
and finally heating the dry residue with manganese nitrate and potassium 
carbonate to reduce ClO, to Cl’.7** A mixture of ClO;, BrO3 and IO; may 
be analysed as follows:-*** the ions are reduced with zinc in boiling neutral 
solution: any iodine is liberated from the mixed halides by ferric ammonium 
alum solution and is distilled into cold potassium iodide solution; bromine 
is liberated by means of lead peroxide in dilute acetic acid solution and is 
distilled into potassium iodide solution. These reactions leave Cl” unattacked. 


THE DETERMINATION OF CHLORINE IN ORGANIC MATTER 


A number of simple combustion methods for the determination of chlorine 
in organic matter have been proposed. Thus the vaporized sample may be 
mixed with air and passed through a quartz tube heated to at least 900°C. 


The chlorine is absorbed in caustic soda solution, any chlorate is reduced 


and the halogen is determined by the Volhard method. The method is rapid 
and very accurate.**° The advantages of the classical Grote-Krekeler method 
in modernized form have been pointed out.7*” 74° A rapid determination of 
chlorine in coal is made by heating 0-5 g. of the latter in a fast stream of 
oxygen at 1350°C. Chlorine is absorbed on a silver spiral immersed in 
water;**® or, preferably, the chlorine may be absorbed in ammoniacal hydrogen 

peroxide and titrated potentiometrically.**° 
Several workers favour the use of a catalyst in the quartz combustion tube 
and the Swedish method of Klason, in which a platinum gauze catalyst is used 
and the substance is heated ina stream of nitric acid vapour, has advantages.”*° 
The versatility of the Dennstedt method of combustion using oxygen and a 
platinum gauze catalyst has also been demonstrated.*™ Air containing a 
little ammonia has been used to burn organic matter, the mixture being passed 
over heated copper oxide.”** Platinized asbestos is sometimes preferred to 
gauze, and Dennstedt’s design of combustion apparatus is also advocated as 
it tends to prevent explosions.*** A platinum spiral has also been used in 
the Dennstedt procedure,”** the substance being weighed in an ampoule with 
a capillary opening. Of the other dynamic methods of combustion proposed, 
heating the substance in a platinum boat in a quartz tube in a stream of 
hydrogen and ammonia has been suggested.’ After removing hydrogen 
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cyanide in the absorber by boiling with acetic acid, Cl is titrated by the 
Volhard method. Explosive substances are mixed, prior to combustion, with 
six times their weight of oxalic acid. The method has been commended, 
though cyclic halogen derivatives are not always decomposed and it is 
probably better to use air in place of hydrogen. A catalytic hydrogenation 
method with copper or silver catalysts has also been proposed.?5* 

Among the static methods used for destroying organic matter, the use of 
chromic acid is popular. For example, the substance in the reaction vessel 
is covered with a large amount of potassium dichromate and cooled sulphuric 
acid is run in very rapidly, the mixture being cooled in ice if necessary.?*’ 
Hydrocarbons and fully chlorinated bodies are completely oxidized by chromic= 
sulphuric acid mixture.7** This is true of saturated acyclic carbon compounds 
and the evolved chlorine may be absorbed in alkaline hydrazine:*°? in cases 
where the technique is applicable, the greatest deviation of a result from 
average is 1%. Persulphates may be used as the active oxidizing agent? 
and concentrated nitric acid is frequently employed. 46fy 262, It is necessaty.to 
keep the material in contact with nitric acid for some hours prior to heating, 
but some materials still present certain difficulties. Saturated permanganate 
solution and concentrated nitric acid may similarly be used.?® 

The reaction between organic chlorine and sodamide has been used by a 
number of workers for the estimation of the halogen.7** The material is 
dissolved in liquid ammonia, with the aid of ether if necessary, and sodium 
is added; when the reaction is complete, 5 g. of ammonium nitrate in.a little 
liquid ammonia are added; the chlorine is determined in the residue by the 
usual methods.?® A blue colour must persist in the liquor for at least 30 min. 
after adding the sodium.?°%7°7 

The ashing of organic matter generally results in the loss of some chlorine 
as confirmed by a series of papers on the subject. The loss through this 
cause may be 30% of the total chlorine?® but the use of lime greatly reduces 
the loss. There is a loss of sodium chloride or potassium chloride on 
incineration.** Ashing in presence of sodium carbonate is advantageous 
provided the sodium carbonate: chloride ratio is greater than 5,77° but some 
loss can occur even in presence of carbonate.? The temperature of ‘ashing 
in the presence of sodium carbonate should not exceed 600°C.?” 

Some workers?”* prefer to treat the substance in a nickel crucible with 
five times its weight of fused caustic potash, while others heat in a closed 
tube with solid permanganate.?”* By the latter method the results are precise 
and the chlorine contents of hexachlorobenzene and phenyl derivatives are more 
readily determined than-by the Carius method.?7** About 0-22. of sample may 
be treated with 7 g. of sodium peroxide in a nickel crucible cooled in water; 
the lid of the crucible is weighted with 150 g. of lead and the reaction is 
initiated with a hot nail.?”° Alternatively, about 0-15 g. of sample is heated 
with 0-5 g. of potassium or sodium in an evacuated tube for 15—30 min. at 
HOOs ee Hot oleum can serve as liquid reagent for the destruction of organic 
matter.” 

ne Pier bomb recommended by Berthelot has been employed,” 
using a substance of high calorific value (0-5 ml. decalin) and placing 5 —10 
ml. concentrated ammonia in the bomb. It is preferable to wait 30 min. after 
firing before opening the bomb. The normal bomb calorimeter used for coal 
combustion will also serve.?”” The sodium peroxide-sugar explosion method 
is reliable and accurate and it can be applied to volatile liquids such as 
chloroform.**° Kimball and Tufts?** modify the method of Elving and Ligett 
by heating the substance with potassium in a nickel bomb at 500 —550°C 
for Zehr: 

Alternatively the substance may be burnt on the cotton wick of a lamp 
and the products of combustion absorbed in an alkaline absorbent.7%* A 
variety of more elaborate lamps with silica wicks are also in common use. 
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The original Stepanov method for halogens (using sodium and alcohol) has 
been modified by using 3—4 ml. of decalin and sodium:7** after standing for 
12 hr. the sample is refluxed for 2 hr., cooled and the excess sodium is 
destroyed with alcohol. A critical study of the method has elucidated the 
numerous conditions that must be satisfied in order to get good results,?®* and 
the technique has been applied to micro-quantitative determinations (3 — 10 
meee’ 

Gasparini’s electrolytic decomposition technique for organic substances 
is found to be of limited use:7** the substance is treated with concentrated 
nitric acid and electrolyzed at 125 v. and 0eS—1 amp. for 1—4 hr. with 
platinum. electrodes.** It is said that by using monoethanolamine as a 
reagent for removing halogen, alkyl halogen can be determined in presence of 
aryl halogen.*®” If 0-1—0-2 g. of substance is treated with 30—50 ml. of 
alcohol, 10 ml. of 10% caustic potash in alcohol and 3 g. of 1% palladiumised 
calcium carbonate followed by 10 drops of hydrazine sulphate and the mixture 
is boiled under reflux for 30 min., Cl” can be determined after filtering off the 
catalyst.7*® Compounds may be reduced with hydrogen in presence of acetic 
acid, sodium acetate and copper sulphate as catalysts, hydrogen being gen- 
erated by reaction between zinc dust and the acetic acid.*8° Dehalogenation 
may also be effected by means of zinc (2 g.) in alkaline solution (20% caustic 
soda 10 ml., 10 ml. methanol) in the presence of Raney nickel (05 g.).?° 


THE DETERMINATION OF CHLORINE IN WATER 


Much work has been done on the determination of free chlorine in water 
and on the differentiation of chlorine from mono- and di-chloroamines and 
from nitrogen trichloride. The _ starch=iodide test for chlorine, normally 
sensitive to 0-2 p.p.m. may be used to detect 0+1 p.p.m.”°? Some prefer the 
use of Raschig’s benzidine solution for the determination of chlorine. A 
0-1% solution of o-tolidine in fairly strong hydrochloric acid is much used for 
the colorimetric estimation of small quantities of chlorine in chlorinated water 
supplies. Under standard conditions this reagent gives a yellow coloration 
the depth of which depends on the proportion of chlorine present?** and may 
be matched against permanent standards that are, conveniently, dilute aqueous 
solutions of dichromate modified in colour by small additions of copper 
sulphate.?% | 

The starch=iodide and o-tolidine tests are thought to be about equally 
sensitive, but the latter is preferred because fewer substances interfere with 
it.7°° The effect of changes in pH on the tolidine coloration (excess acid is 
necessary for its stability) have been studied?*® and an improved reagent has 
been described?®” which is favourably received by other workets.**? Manganese 
behaves like free chlorine in the test?°® and others have drawn attention to 
this scource of error,°° manganic and not manganous ion producing the colour?” 
If chlorine is boiled off from a second sample of water the difference in 
colour obtained on the original and on the boiled water should show the true 
chlorine content. The serious interference due to nitrites in this test has 
also been noted.*” | 

The interference by manganese has been discussed*™ and it is suggested 
that it may be avoided by precipitating the manganese with caustic soda. 
using magnesium hydroxide (from added sulphate) as a carrier.° Even 0-01 
p-p.m. of nitrite will react with o-tolidine®® and to avoid this it is propcsed 
that thiosulphate be added beforehand or that the nitrite be oxidised by 
hydrogen peroxide. 3 

There are many weaknesses in the o-tolidine test and it probably needs 
further study.°°’ As little as 0-1 p.p.m. Fe may Cause an erroneous 
figure for chlorine,*®* though some workers state that Fe when present at 
less than 0-3 p.p.m. does not interfere.°°° The ferric ion may be complexed 
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by adding basic sodium pyrophosphate.**° It is possible to use the retarding 
effect of sodium arsenite on the colour reaction and thus to eliminate inter- 
ference by Mn’ ', NO, and Fe’**3" This test will also differentiate between 
free chlorine and chloroamines. It is said that if 0°5% sodium arsenite 
solution is added 15 sec. after the o-tolidine, it neutralizes all combined 
chlorine before it can react with the tolidine (Step 4). By adding sodium 
arsenite before o-tolidine (Step B), all chlorine, free and combined, is elimin- 
ated, but interfering bodies still give colour. ‘Free chlorine is then assessed 
by (Step A — Step B).*!? The arsenite solution used should be acid to methyl 
orange. *#% 

Both the o-tolidine reagent and the copper sulphate=potassium dichromate 
standards niust be protected from light*** and auric chloride has been proposed 
as a permanent colour standard.*4* At pH below 2, the yellow colour of the 
reagent has a characteristic minimum at 436 mp. ** 

The o-tolidine test is used to assess the chlorine demand in the break- 
point chlorination of water**” and one can titrate the water with standard 
o-tolidine solution at pH 18, until no further yellow colour appears;*** this 
method is as accurate as the o-tolidine-arsenite colorimetric method. Another 
method**? isto add 100 ml. of sample to sodium hexametaphosphate and neutral 
o-tolidine in a titration flask and titrate with standard Fe ~ solution until 
the blue colour is discharged (this gives Cl, + %NCI,): then potassium iodide 
is added and the titration continued to obtain monochloroamine and followed 
with dilute sulphuric acid and sodium bicarbonate to obtain dichloroamine. 
Nitrogen trichloride is determined in a second sample by extraction with 
chloroform, determining chlorine in the aqueous layer, subtracting this from 
the reading of free chlorine and multiplying the result by 1-5. In one in- 
vestigation®”° it was found that of 50 compounds examined, o-tolidine proved 
the most satisfactory for the detection of chlorine. 

It has been suggested that 0-1% dimethyl-p-phenylenediamine in acetic 
acid solution may be used for the determination of chlorine down to 0-03 
mg./1.374 All weak oxidizing agents give a red colour with the reagent which 
works best at pH 2-6—3.4:°7? the presence of phosphoric acid is said to 
avoid certain difficulties,*?* but some workers consider that this modification 
gives no better results than the use of 30% tolidine.*** : 

The use of a 5% solution of p-aminodimethylaniline for the detection of 
bromine, iodine or chlorine is proposed*?* and is thought to merit further 
study.**° When the reagent is buffered to pH 6.8, chlorine gives a red colora- 
tion, but chloroamine does not. If potassium iodide is then added, chloro- 
amine also reacts. For quantities of 0-5 p.p.m. or less, the results are within 
0-02 p.p.m. of the truth.*?” °?8 , 

It is shownthat free chlorine, but not chloroamine or alkaline hypochlorite, 
will bleach methyl orange;*?? and a similar bleaching effect on methyl red 
(0-1 g./1.) has been used for the determination of 0-04—8 mg./1. chlorine.**° 
The reaction is, however, a slow one. A sensitivity of 0-1 p.p.m. chlorine 
in solutions of pH less than 3 has been claimed using methyl orange, and it 
was shown that Mn'’", but not chloroamine, interfered.** This technique 
has been adapted to a micro-scale.**? Other workers, using methyl orange 
solution containing hydrobromic acid, were able to determine chlorine in the 
range 0-02—0-5 mg./1.**° 

Among less known indicators, the use of a*naphthoflavone has been 
proposed.*** If acid fuchsin, a trace of potassium bromide and acetic acid 
are added to the sample, the pink colour produced will enable 0-005 —0-7 
mg./1. chlorine to be measured.*** The purple tint produced by p-amino- 
dimethylaniline and tree chlorine has been used?** but Fe and NO} both 
interfere with the method. Any diamino compound of the type 3:3 “dimethyl- 
4:4%diaminodiphenyl dihydrochloride used at pH 4 is a suitable reagent.**” 
Tris(p-dimethylaminophenyl)methane trihydrochloride, which gives a violet 
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colour (crystal violet) with free chlorine, shows some Specificity; 0-1 mg./I. 
of chlorine can readily be detected, but the colour is only ee by chloro- 
amines atter boiling for 5 min. with the reagent. **° 

Because of the shortcomings of the popular o-tolidine test for chlorine, 
potentiometric methods. of measurement have been proposed.**? Similarly 
water has been titrated amperometrically with sodium arsenite using sodium 
chloride as the electrolyte. $40 Chlorine present as chloroamines is found 
by adding potassium todide to the sample, re-determining the end- “point and 
subtracting free chlorine from the total residual chlorine; ie aha Mn* i and 
NO, do not interfere. A useful and specific test for chlorine (or bromine) 
has: been. desctibed:*4 1% sodium cyanide added to the water produces 
cyanogen chloride and if 25% pyridine containing 2% benzidine hydrochloride 
is then added an intensely coloured di-anil derivative is formed. 


THE DETERMINATION OF FREE CHLORINE AND 
CHLORO BODIES IN THE ATMOSPHERE 


Chlorine may be detected in the air by its action on potassium iodide 
deposited on silver leaf 3 thick:* enough iodine is produced to form silver 
iodide and to break an electrical circuit. A conductometric cell may be 
used to measure the electrical resistivity of water taken from an air scrubber: 
the resistivity falls as chlorine is absorbed.*** If a measured volume of air 
is passed through 10 ml. of 0°1% o-tolidine in dilute hydrochloric acid, the 
‘yellow colour produced may be matched against standards of copper sulphate 
and potassium dichromate solutions.*** Resorufin reacts with chlorine or 
bromine to form a blue, non-fluorescent solution and the loss in fluorescence 
may be used to measure these halogens.*** The colourless body, 2:5-bis- 
(2: 4-dimethyl-N-pyrry!)-3:6-dibromohydroquinone, is oxidized to a blue quinone 
in alcoholic solution by oxidizing agents such as bromine or chlorine, and 
0-002 mg. ot bromine or chlorine may be detected in this way.**%*47 

The detection and determination of organic halogen derivatives present 
in the atmosphere have been investigated by several workers using Beilstein’s 
flame test. If air is passed at 1-5 1./min. through a heated quartz tube 
containing a roll of oxidized copper gauze and the gauze is subsequently 
inserted in a colourless flame, the strength and duration cf the green flame 
coloration indicates the quantity of halogen absorbed.**® Using a micro- 
atomizer and a hydrogen flame on a copper wire, 5 pg. of chlorine as chloro- 
form can be detected. #49 

An alcohol lamp fitted with copper gauze may be used**° or a Bunsen 
burner, also with 10 sq. cm. of gauze, whereby 30 p.p.m. of chlorine as viny! 
chloride may be detected.*5! Some recommend a tube of Monel metal.**”*°° 
A halide detectorlamp burning pure ethanol and a blow lamp using methanol 
as fuel have also been proposed. 

Hydrogen chloride, phosgene or carbon oxybromide may be detected in 
the atmosphere by the orange yellow stain they give on cotton impregnated 
with a mixture of p-dimethylaminobenzaldehyde and diphenylamine.** 


MISCELLANEOUS PHYSICAL METHODS FOR THE 
DETERMINATION OF CHLORINE 


By using the relevant absorption coefficient of a beam of monochromatic 
X-rays it is possible to determine chlorine in solution in the presence of 
other halogens with a relative error of less than 1%.°°° The X-ray absorption 
of gaseous chlorine has been measured and it is shown that the results may 
be of analytical interest.**’ 

Much work has been done on the direct spectrographic detection and 
determination of chlorine. If material is sparked directly in the usual high 
voltage spark with the electrodes surrounded by pure carbon dioxide to 
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eliminate air lines, it is possible to detect 0-5% chlorine and 0-3% bromine.**® 
By employing ultra-high frequency excitation in the region 4100—71004, 
0-1% chlorine in potassium bromide and 0-03% bromine in sodium chloride 
are detected with an accuracy of + 5—10%.*°? The use of a hollow cathode 
source applied to the spectrographic analysis of the halogens permits the 
detection of 0-Ol yg. of fluorine and 0-2 yg. of chlorine.**° The spectrographic 
determination of halides is reviewed*® and an a.c. arc with a large capacity 
shunt in a circuit with low self-inductance is recommended. Both electrodes 
are of copper and the solution is allowed to drip on the lower one. The lines 
4904, 4819, 4810, 4794 are recommended for chlorine.*™ 

An easy and rapid method has been described.**? 10—20 mg. of sample 
are placed in a high-melting glass tube evacuated to less than 0-001 mm. 
mercury. The spectrum is excited without electrodes in the high frequency 
field of a coil of 10 turns surrounding the tube. All the halogens can be 
detected together down to at least 0-01% and sometimes to 0-001% with an 
accuracy of 10%. In another procedure the solution to be tested may be 
allowed to drip into an a.c. arc through an opening in a copper tip used as a 
lower electrode. The various sensitivities of suitable lines for chlorine 
and bromine have been listed.*®* Alternatively, the*powder sample may be 
deposited on a massive copper bar moistened with collodion and amyl acetate. 
The bar is then dried at 120°C, and installed as the lower electrode, while 
a cone-shaped copper upper electrode is fitted about it. As the arc (a.c.) 
burns, the lower bar is automatically moved in a horizontal plane below 
the upper electrode. A circuit diagram and list of suitable lines are des- 
cribed.*** The conditions of the circuit are defined very precisely in order 
to obtain a suitable spark discharge, but the technique described is not 
considered to be sufficiently accurate for quantitative work.*® 

Quantities of the order of 5.yg. of chloride on fabric may be measured 
spectrographically using the intensity of the aluminium chloride band at 
2610. A,**° 

Among other physical methods ot determining chlorine, some workers 
measure the extinction coefficients of Cl” at A 436, 454 and 463 pp and Br at 
A = 463 pp in aqueous solution.*®’ Mixtures of chlorine and bromine in water 
may thereby be analysed. If a sample is subjected to neutron bombardment, 
any Cl’, Br, or I will be transformed respectively into radioactive chlorine 
with halt-life of 35 min., bromine with a long period and iodine with a period 
of 25 min.*®* By adding a little inactive halide and precipitating with silver 
nitrate, the three original halogen concentrations are estimated. The chloride 
group anions, including CNS, may be separated by partition chromatography 
on paper,*®? using butanol saturated with 1-5N-ammonia as the solvent. After 
the bands have been developed by means of silver nitrate, 0-1 mg. of halogen 
can be identified. 


MISCELLANEOUS ASPECTS OF CHLORINE ANALYSIS 


The normal exposure of a silver chloride precipitate to light causes no 
appreciable loss of weight,*”° but positive or negative errors occur if silver 
or halide respectively are present in excess when the precipitation itself 
is not protected from light. Under an arc light, during 5 hr. stirring, the error 
was 0-6% of the weight, but in general it was 1 in 500. 

Chlorine in sulphur chlorides may be determined indirectly by its reaction 
with 6-naphthyl ethy!] ether; sulphur monochloride and dichloride do not react 
with this reagent.*” 

Mixtures of chlorine phosgene and nitrosyl chloride may be analysed by 
means of their action on mercury.*”* Chlorine is completely absorbed, nitrosyl 
chloride yields 1 mol. of nitric oxide and phosgene does not react. Free 
chlorine in phosgene may be determined by means of mercuric iodide, with 
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which it reacts to liberate iodine at room temperature, while there is no 
reaction with phosgene: 0-01% chlorine can thus be determined.°” 

Specifications and methods of analysis for liquid chlorine have been 
discussed*™* and the conclusion is reached that organic impurities should 
not exceed 0-01%. 

Hydrochloric acid is in common use as a primary or secondary standard 
in chemical analysis. Temperature correction tables have been published 
for this acid.*7> Methods for preparing exactly 0+1N-hydrochloric acid are 
described*”* and in this connection the use of a mixture of 1 of sodium 
carbonate to 10 or 20 of anhydrous sodium sulphate has been proposed, as 
keeping better and being weighed more easily than sodium carbonate alone.*”’ 
Other workers prefer to standardize the acid by precipitating it as silver 
chloride.*”® Other proposals are to dissolve 0-2—0+°5 g. of crystalline 
sodium thiosulphate in water, to add 2 ml. of a 4% potassium iodate solution, 
0-3 g. of solid potassium iodide, 1 ml. starch solution, to dilute to 100 ml. 
and to titrate with the hydrochloric acid solution until the colourless solution 


becomes blue.*7° 
has been further studied.?®° 


The rapid and accurate preparation of the decinormal acid 
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SECTION XX 
BIOLOGICAL PROPERTIES OF CHLORINE 
By G.M. DYSON 


The irritant and toxic nature of chlorine and its extensive industrial use 
have ledto a number of serious or fatal cases of poisoning. There is some 
disparity between the values given by various authors for the permissible and 
toxic concentrations of chlorine in inspired air. Elkins* gives the limit of 1 
p.p.m., and Drinker? gives 0+1=-2 p.p.m. for the upper limit of chlorine per- 
missible in air for continual breathing without adverse effects. Rumpel® 
gives a lower figure, stating that breathing an atmosphere containing 0-05 
mg./l. of chlorine leads to serious effects in 4-1 hour. This is confirmed 
by Freitag? who gives the figures:- 


Concentration 
(mg./1.) 


0-01 Can be breathed for several 
hours without effect. 
O-1=0-15 Lethal in 1+ 1% hours. 


Shire* gives a concentration of 3 mg./l. of chlorine as rapidly fatal to small 
animals. 

Chlorine reacts on the upper respiratory tract and the lungs;* oedema of 
the lungs with abnormal release of sugar® is observed during chlorine poison- 
ing, and the general alteration of the composition of the body fluids during 
chlorine intoxication has been studied.’ It is found that chronic intoxication 
with chlorine may accelerate tubercular processes in animals.* Administra- 
tion of oxygen and minimization of bodily effort are the essential first-aid 
measures in chlorine ‘poisoning, followed by immediate medical attention. 
Poisoning by chlorine has been described in many instances;*°** in one case 
a railway tank containing 15 tons of liquid chlorine exploded** and eighty- 
five persons were severely poisoned, of whom three died. There is no known 
instance of criminal poisoning with chlorine; all records refer to accidental 
poisoning, which has led to many publications*** dealing with the hazards of. 
large-scale operations with chlorine and the measures to be taken to minimize 
these risks. It is not possible completely to survey this aspect of the sub- 
ject; many of the precautions are best described as ‘engineering good-house- 
keeping’, such as using for liquid chlorine containers which will withstand the 
pressure likely to be generated by direct sunshine in summer; using completely 
gas-tight pipework and vessels; providing very good ventilation and protective 
water sprays, etc. One potent source of danger in chlorine systems is tne 
very high coefficient of cubic expansion of liquid chlorine. Thus, a section 
of pipe between two closed valves will, if completely filled with chlorine, 
burst on rise of temperature solely owing to this factor.*° One useful adjunct* 
to the use of chlorine in the laboratory is the use of rigid polyvinyl chloride 
tubing; plasticized tube has a much shorter life. This tubing has an almost 
indefinite life in chlorine at ordinary temperatures. It may be softened suf- 
ficiently, by warm air or with 1,2-dichloroethyl acetate, to make bends or to 
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make connexions to glass tubulures. The softening fluid soon evaporates. 
A stopcock lubricant which will resist chlorine is made** by heating glycerol 
with half its weight of sucrose at 120° until the latter is dissolved, and grind- 
ing the clear mixture with 10% of its weight of graphite. 

The poisonous action of chlorine on micro-organisms affords an important 
means of disinfection. In water treatment the use of small quantities of 
chlorine with or without ammonia has become standard practice, and by using 
higher halogen concentrations the bacterial count of effluents from industrial 
plants can be controlled, as for example, in citrus fruit canneries,** in the 
control of bacteriophage in dairy cheese-starters** and in general dairy practice. 
Where, as in kraft-paper production, organisms resistant to chlorine are 
encountered, chlorine dioxide has often proved effective.** 

Many authors have described in detail the activity of chlorine towards 
various micro-organisms; it is now fairly. conclusively proved*® that the mode 
of action is by complete inhibition of the sulphydryl enzymes of bacteria, 
leading to their death. The sensitivity of aldolase from Escherichia coli to 
chlorine is of the correct order of magnitude to correlate with the bactericidal 
activity of the halogen. 

Much disinfection is carried out with hypochlorite solutions, which offer a 
convenient mode of application of the halogen. They are not quite so effective 
as the free halogen*” and their activity diminishes with excess alkalinity;** 
thus, a given neutral solution of sodium hypochlorite at pH 7+2 kills 99-9% of 
organisms in 4 seconds, but requires 8 seconds under similar conditions at 
pH 10-5. The presence of ammonia®’ often enhances the activity ot chlorine 
and hypochlorites; this is presumed** to be due to the action of chloroamine*® 
(NH,Cl). 

The continued use of hypochlorite solutions in bleaching and disinfection 
can give rise to dermatitis,** which is largely due to the alkali present; to 
avoid this, and at the same time to achieve higher stability, it has been pro- 
posed to use Nechloro or Nedichloro derivatives of organic compounds. For 
example, chloramine-T**** has been used in dairy sterilization, especially in 
the routine cleaning of milk bottles; and recently** 1,3-dichloro-5,5-dimethyl- 
hydantoin has been used very successfully in all branches of dairy sterili- 
zation. ‘The latter compound is freely soluble in water, contains 16% of 
available chlorine and is comparable in bactericidal activity with hypochlorite, 
with the added advantage that it is effective at pH 5-8~7-0. It has far less 
odour than hypochlorite solutions. 

The activity of chlorine in the destruction of organisms more complex than 
bacteria has been investigated from two main viewpoints. The first is the 
destruction of non-pathogens such as Crenothrix in pipe-lines** where their 
growth can reduce considerably the hydraulic capacity; for this purpose 1-3 
p-p.m. of chlorine in the water is sufficient. In the second application, 
successful attempts have been made to kill the cysts of Entamceba histo- 
lytica*® and the active cerceriz of Schistosoma mansoni*® by chlorination at 
0-2-1 p.p.m. An additional use is the treatment of seeds for destruction of 
the spores of smut or bunt and for protection from weevils. Dry seeds ap- 
pear*%** to need a 2 hour exposure to a 3~10% concentration of chlorine for 
effective disinfection. 
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CHAPTER III 
BROMINE 


SECTION XXI 
THE OCCURRENCE AND EXTRACTION OF BROMINE. 
By A.G. SHARPE 


Several investigations of the bromine content of plant and animal products 
have been reported in the past thirty years. The bromine content of cow e 
milk is 18-4—24-1 y per 100 c.c.," of human blood, 358-583 y per 100 c.c.” 
Sponges may contain up to 2+5% ‘of bromine, ** human hair about 0- 5%,° and 
vegetables rather widely varying quantities (0. 05 —2mg.%).”* Russian workers 
have given data for the concentration of bromine in soils (0-1—4-0 x 107°% of 
the dry weight), and river waters (6-8 x 10s ost) x 10-7). «Lhe Gl: Br=t 
ratio was found to be 8600:27:1 in river waters and 7900:27:0-021 in sea 
water.’° Plants grown on poor soil in dry climates were found to contain 
about ten times as much bromine as those grown on rich soils in temperate 
climates.*° Wheats contain 0-001—0-0075 g. of bromine per kg. and flours 
0-003 —0-0055 g. per kg.** 

The occurrence of bromine in the Stassfurt carnallite deposits has led to 
determinations of the bromine content of carnallites from Utah, in which up to 
0-3% was found,’? from New Mexico (0-1%),*tand Solikamsk, Russia (0-15 — 
0+3%);*29 439 493-295 the average bromine content of German carnallites is0.2— 
0-35%. The bromine content of a number of primary rock-salt deposits has been 
found to vary between 0-005% and 0-04%;** the geochemical significance of 
distribution of some sixteen elements, including bromine, has been discussed 
by Correns.* 

Analyses of many brines, mineral waters, and sea waters have been sum- 
marised by Blake;** some of these were reported previously (Mellor, II, 16). 
More recent determinations include those om the oil-bearing waters of the 
Caucasus and the marine muds of the Black, Kara, and Barents Seas (0-0025 — 
0.007% Br).*® The bromine content of mineral, coal, and bituminous deposits 
increases with increase in the amount of organic matter present;*’ and it 
seems likely that the element is brought in by the accumulation of halide in the 
leaves of trees during a forest succession.** Underground brine from Falsa 
Pan (South Africa) contains up to 0-016% Br;*® the ‘Los Gauchos’ spring 
(Buenos Aires) has a bromine content of 0-378 g. per litre.”° In the Gulf of 
Riga and the Baltic Sea the bromine content varies with depth, place, and 
season between 8-55 and 21-8 p.p.m.; the Br:Cl ratio, however, remains 
constant at 0-0034:1.7* A similar ratio (0.00347: 1) has been reported for the 
North East Pacific Ocean.” 

The bromine contents of the Cheshire salt deposits and of inshore waters 
round Great Britain have been extensively investigated. The soluble matter 
(75-3% of the dry weight after drying at 100°) of the Cheshire deposits has a 
mean bromine content of 0-0223% Br; the Br: Cl ratio varies considerably with 
depth.*°” In representative brines made by artificial solution of the deposit 
the bromine content varies from 97-6 to 150 g. per cubic metre, the Br: Cl 
ratio from 1: 1310 to 1: 1939.'°” Data for total salinity and bromine content of 
sea waters have been obtained for several sites at different states of the tide; 
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the usual value is about 65 g. Br per cubic metre. The highest salinity was 
recorded off Cornwall; at Hale, in Cornwall, and Amlwch in Anglesey, plants 
for the extraction of bromine have been erected.*** 

In South Australia, lake water contains 5—270 p.p.m. of bromine, sea 
water 70—131 p.p.m., and brines 350 — 5600 p.p. m.7* In the Sea of Japan the 
bromine content is 59—66 p.p.m. and is unaffected by depth or distance from 
the shore.** Irkutsk salt brines contain 69—91g. of bromine per cubic metre;? 
oil-well waters of the Grozny district, up to 143 m ig. per litre.” In the Gulf of 
Karabugaz and nearby salt lakes, the water contains 0-01—0-07% bromine, the 
value being lowest in spring and highest in autumn; the bromine reserves of 
this source are about 25 x 10° tons.°® Searles Lake brine contains about 
0-085% of bromine, but the alkalinity is too high for its economic extraction 
from this source.* 

Data on the bromine contents of other brines, mineral springs, oil- 
well waters,?%°%?°* salt lake waters , 75148599" 95:9%99-20! and salt beds 757% have 
also been published. The influence of source of supply on the Cl: Br ratio 
in underground waters has been discussed; waters with Cl: Br about 300: 1 are 
considered to be derived from normal sea water; those with higher Cl: Br ratios 
may be formed by leaching of chloride-rich salt deposits. *° 

All methods of any importance for the manufacture of bromine continue to 
be based on displacement froni bromide-containing solution by chlorine. The 
extraction from the mother liquor remaining after the separation of potassium 
chloride from carnallite (the Kubierschky process) has already been described 
(Mellor, Il, 39); more descriptions of this process have been given, but only 
minor modifications have been introduced, *%99597%9%4%5972t09 The working of 
carnallite-crude salt deposits containing tachhydrite and kieserite has now 
been made possible: treatment with a cold wasté liquor containing magnesium 
chloride dissolves most of the tachhydrite and some of the kieserite, and 
simultaneously extracts most of the bromide, which may be recovered by treat- 
ment with chlorine in the usual way.*” Although the continuous process for 
the preparation of elementary bromine (Mellor,: II, 39) has displaced the iron 
bromide process, much Fe,Br,is still manufactured by interaction of scrap iron, 
steam and bromine vapour; this salt still affords the most convenient means of 
preparing soluble bromides.***** By far the most important use of free bromine 
is in the manufacture of ethylene dibromide; much smaller quantities are used 
in analysis, in synthetic organic Chemica for the purification of swimming- 
pool water, and in the shrink-proofing of wool.5#1*™*"? 

In the extraction of bromine from fairly rich sources, the heating of large 
volumes of solution to 70 — 80° is not prohibitive in cost; but in the extraction 
from a very dilute solution such as sea water, a process which became impor- 
tant after 1918, heating must be avoided. One early method involved the 
chlorination of sea water and the interaction of the liberated bromine with 
aniline sulphate; the sparingly soluble tribromoaniline was separated in filter 
presses! °474% 110 Decomposition of the tribromoaniline has not been described. 

The interaction of bromine and phenol, whereby tribromophenol is precipi- 
tated, has been used in a Russian process. When bromine reacts with phenol 
according to the equation 


3Br, +C,H,OH = C,H,Br,OH + 3HBr 


half of the bromine is lost as hydrogen bromide; by carrying out the bromin- 
ation with a regulated addition of chlorine, however, 98% of the bromine may 
be separated as tribromophenol.*#** It was at first claimed*® that treatment of 
of the tribromophenol with dilute nitric acid gave recovery of 98% of the bromine 
(the other product being picric acid), but later workers failed to substantiate 
this claim, ang the tribromophenol had to be decomposed by fusion with 
caustic ine: 


30,116 87,88 
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By far the most important process used for obtaining bromine from sea 
water, however, is that operated by the Dow Chemical Company, first at 
Wilmington, North Carolina, and later at Freeport, Texas. Sea water is 
pumped to the top of a brick tower; on the ascent it is treated with sufficient 
sulphuric acid to bring the pH down to 3-5 and with a 15% excess of chlorine. 
As the liquid descends, a current of air is blown through it, and the mixture of 
air and bromine vapour is then allowed to react with sulphur dioxide and steam. 
The spray of mixed sulphuric and hydrobromic acids is collected; the bromine 
is again liberated by the action of chlorine and is collected as in the steam- 
ing-out process. The dilute sulphuric and hydrochloric acids formed are used 
for acidifying the sea water in the first stage of the process. The whole 
process is automatically controlJed, the rate of addition of chlorine being 
governed by measurement of the oxidation potential of the liquid with a pla- 
tinum electrode. A high initial temperature of the sea water clearly favours 
extraction of the bromine by diminishing its solubility in water, and this con- 
sideration explains the location of both plants. This process has been the 
subject of a number of patents (e.g.,**°*); a general authoritative account of 
it, with references, has been given by Stenger.** 

Before the introduction of sulphurous acid for the recovery of bromine 
from the air stream, absorption of the halogen was usually carried out using 
sodium carbonate solution. The resulting solution of sodium bromide and 
bromate was acidified with sulphuric acid, and bromine was steamed out.5**° 
Variations of this procedure have been reported from other countries, and it is 
generally claimed that the yield of bromine is 90% or greater.5™® Solvent 
extraction has also been suggested for collection of the bromine, and the use 
of carbon tetrachloride, tetrachloroethane,®’ carbon disulphide,™ anc ethyl- 
ene dibromide® has been advocated. The bromine may be separated from the 
organic solvent by fractional distillation®* or by treatment with slaked lime;*°* 
the latter yielsd a product analogous to bleaching powder which is decomposed 
by acid with liberation of all of the bromine.®* It has been stated that ad- 
dition of up to 30% of benzene to carbon tetrachloride gives improved results 
in the extraction.*** Amongst other methods mentioned in the literature tor re- 
covery of bromine in this and other processes are the following: absorption from 
the air stream(previously dried by calcium chloride) by silica gel; absorption 
by ferrous bromide, followed by decomposition ot the resulting ferric bromide 
by chlorine;*> absorption by unsaturated hydrocarbons,®*®’ including ‘crude 
gasoline’;°®’ interaction with silver, followed by solution of the silver bromide 
in potassium bromide solution and electrolysis;®°* absorption by activated 
charcoal, followed by liberation of the bromine by treatment with steam.°”” 

Two other processes for the preparation of bromine from brines are described 
in the patent literature. In one of these, designed for alkaline brines, carbon 
dioxide is dissolved in the brine under pressure, reducing its pH to below 
4-4; an oxidising agent is added, and reduction of the pressure then effects 
liberation of the bromine along with the carbon dioxide. After absorption of. 
bromine from the gas, the carbon dioxide is recompressed and used again.” 
A preliminary electrolytic oxidation of brine, followed by acidification, has 
also been suggested as the first part of the separation.”**”* For more con- 
centrated solutions of bromides, nitric acid may be used as the oxidising 
agent.”° Electrolytic recovery using copper or silver anodes and a potential 
difference of 1-75 —1-9v.,*** and the oxidation of hydrogen bromide by oxygen 
over metal oxide catalysts at temperatures between 325° and 1000°,7%7° have 
also been investigated. — 

Bromine may be treed from chlorine by distillation from metal bromides 
(Mellor, II, 40), passage through a layer of a solid bromide,**® fractional con- 
densation from an air stream carrying the mixed vapours at a temperature 
considerably below the boiling point of bromine,*** or passage over charcoal 
impregnated with ferric oxide or alumina.’”® Iodine-free bromine pure enough 
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for microchemical work may be prepared by repeatedly shaking the liquid with 
a large quantity of water.*° The preparation of highly pure bromine suitable 
for atomic weight determinations is discussed later (see page ). Bromine 
may be dried by passage through or contact-with concentrated sulphuric acid; 
for bromine, so dried, satisfactory containers may be constructed of iron, 
zinc, nickel, or Monel metal.*~** Teflon or Fluon (polytetrafluoroethylene) 
is also inert, and is a suitable material for gaskets exposed to bromine. *? 
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SECTION XXII 


THE PHYSICAL -AND CHEMICAL PROPERTIES 
OF BROMINE. 


By A.G. SHARPE 


STRUCTURE, IONIC AND COVALENT RADII 


Solid bromine (which, contrary to earlier reports, is now stated*’ to have 
an orange colour at -252°) forms a molecular lattice.’ The unit cell is 
orthorhombic, with a = 4-48, b = 6-67, and c = 8-72 A., and contains four 
molecules. The calculated density at -150° is 4-05, in satisfactory agreement 
with experimental values of 4-107 at -195°? and 4-13 at -253°* The space 
group is Cema (V}*); the Br-Br distance in the molecule is 2-27 + 0-10A4., 
and each bromine atom has next nearest neighbours at 3-30 (two), 3-75, 3-98 
(two), 4-00 (four) and 4-10 (two) A.* There is no evidence to suggest that 
allotropes of bromine exist.*° 

The interatomic distance for the Br, molecule in solid bromine agrees well 
with the values of 2-28A.* and 2-279 A.° obtained for bromine vapour by the 
method of electron diffraction. The single covalent radius of bromine is 
accordingly generally taken to be 1-14A. The simple additivity principle 
for covalent radii appears to hold for most bromine-containing compounds for 
which structural data are available: e.g., C-Br in CBr, and CH,Br is 1-91 4.° 
(mean of C=C in diamond and Br=Br in Br, = 1-91 A.); P-Br in PBr, is 2-23 A.? 
(mean of C=C and P=P in P, = 2-20A.). The lengths of bonds formed by 
bromine have therefore attracted relatively little attention; this subject has 
been discussed by Wells.** The tetrahedral radius of the bromine atom is 
estimated to be 1-11A.° Effective radii of covalently-bonded atoms .have 
been discussed from another point of view by Theilacker, who starts from the 
assumption that for covalent (as for ionic) compounds the co-ordination number 
of the middle atom of a group is governed by the radius ratio of the two types 
of atom. This approach leads to a value of 1-62 A. for the ‘effective radius’ 
of bromine;*** ‘effective radii’ of this kind do not by summation give observed 
interatomic distances, and their value appears to be severely limited. 

Physical data relevant to the evaluation of the radius of the bromide ion, 
and the assumptions involved in various attempts at this evaluation, have 
been reviewed by Pauling, who concludes that the best value is 1-95 A.® This 
value appears to be universally accepted. 


VAPOUR DENSITY AND DENSITY 


The vapour density between 87-7° and 112-4° has the values shown in 
Table I.*? Barometric pressure in these determinations varied from 745 to 
752mm. The values for vapour density are 1—2% higher than those calculated 
assuming ideal gas behaviour. The compressibility factor to be applied to 
PV values calculated from the perfect gas law has been estimated, using the 
Hougen and Watson chart and the reduced pressure and temperature, to be 
0-992 — 0.993 in the range of temperature and pressure studied.” 

No recent determination of the specific gravity of bromine at room tem- 
perature has been reported, but values at 25-15° (3-1006), 30-15° (3-0836), 
34.45° (3.0689), 39-85° (3-0499), 44-35° (3-0345), 47+85° (3-0227), and 51-55° 
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TABLE I.-VAPOUR DENSITY OF' BROMINE 


ane | | } 
87-7 | 89.2 91-4 91.7 98.8 101.2 110-9 4111.4 112.4 . 
dates le at atm. pressure) | | . 
5-480 5.333] 5-217] 5-196 5-168 5.045 5-084 5-038 
PV (1, atm., at 1 atm.) | | 
28-85 | 29-03 | 29.48 | 29-49 | 30-08 | 30.27 30.32 31-09 30.94 31-11 


(3.0093) have been given.*** From the specific gravities of solid bromine at 
20°K. (4-13)° and 79°K. (4-107),? the extrapolated value at absolute zero is 
4.17.2, The extrapolated atomic volume at absolute zero is given as 19.3 c.c.° 
and 19.2c.c.7** An attempt has been made to correlate the molecular volumes 
of bromine and other substances with the rates of their attack on metals.**® 
It has also been suggested that there is a relationship between molecular 
volume, boiling point and constitution for bromine-containing organic com- 
pounds.”* 


CRITICAL CONSTANTS 


A direct determination of the critical temperature and a short extrapolation 
to obtain the critical pressure of bromine gave values of 311° and 102 atm.’® 
These differ from the formerly accepted values (Mellor, II,52); and since a 
recent evaluation of the critical volume’? was based on 7, = 575°K. and do= 
1-18 g./c.c. (giving Ve = 0-1355 1.) it, too, may require correction. The 
relationship of critical constants, including those of bromine, to degree of 
molecular association at the critical point has been briefly discussed by 
Lautié;?¢ attempts have been made to treat critical pressure as an additive 
property, but without any considerable success.*57** 


SURFACE TENSION, VISCOSITY AND RELATED CONSTANTS 


From the data for surface tension and density (Mellor, II, 50) the parachor 
for molecular bromine is 132; the parachor for bromine in organic compounds, 
however, has been variously reported as 68,*® 68.5,**5° 68.8 *® and 69.79 The 
interpretation of parachors, including that of bromine, has been considered, 
and it has been concluded that Sugden’s view that it is a measure of molecular 
volume is justified;**? relationship between surface tension and internal 
pressure have also been discussed.*"* 

Newer results for the. viscosity of liquid bromine agree well with those of 
Thorpe and Rodger (Mellor, II,50). In the range -4+3 to +32°, 


We = o/ (1 + 162257 x 10°74 + 20721 x. 10-°s"), 


The viscosity at 0° is 0.01241 c.g.s. units; that at the b.p., obtained by 
extrapolation, is 0-00717 c.g.s. units.7* Experimental values have been 
- compared with values calculated on theories of the liquid: state.?*"?§ 

The viscosity of bromine vapour (Mellor, II,50) has been extensively in- 
vestigated by Braune, Basch and Wentzel,?® whose results differ somewhat 
from those of Rankine (Mellor, II,50) over a limited range of temperature, - 
and are shown in Table II (see page 697). Above 460°K., their results may 
be expressed by the equation:- 


3 
Ny = 236-6 x 10°7T2(T + 532.8)7, 
showing that in the temperature range 460—867°K., the Sutherland relationship 
holds;7°77 | 
The rheochor*® for bromine in organic compounds is variously given as 
35-8" and 13-8.*° The molecular volume at zero fluidity is said to be an 
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TABLE II.- VISCOSITY OF BROMINE VAPOUR 


| 


additive function, the contribution from a bromine atom in organic compounds 
being 23.0,*47 Attempts have also been made to find relationships between 
liquid fluidity, volume, pressure and temperature;*”*? between viscosity, 
density’ and chemical constitution in organic liquids;*# and between viscosity, 
molecular weight, specific gravity, and structure.**® 


VAPOUR PRESSURE, BOILING POINT AND MELTING POINT 


The vapour pressure of bromine between -9-6° and 303-1° is Sa as 
according to Scheffer and Voogd,’*® by the equation: 


log p (in mm.) = —2087.0 T™ —3.449 log T + 17-871. 


Values obtained by this equation, however, are a little too high at low tem- 
peratures.*® These values (up to the b.p.) are somewhat higher than those of 
Ramsay and Young (Mellor, II, 53) and give the b.p. of bromine at 760 mm. 
pressure as 58-4°, Two direct determinations of the b.p. of carefully purified 
bromine gave 58-80+0-1° (on the hydrogen scale of temperature) or 58-88 + 0-1° 
(on the mercury-in-glass scale),** and 58-8°,** the latter value at 760-5 mm. 
Since Ramsay and Young. gave the b.p. as 58-75°, their results over the 
temperature range -5° to 58° are probably still the best available. For solid 
bromine the values in Table III have been recorded. 


TABLE IIL.- VAPOUR PRESSURE OF SOLID BROMINE 


The first five results fit the equation*’ 
log p = —12150/T**** + 7.5030; 
the last three fit the equation*® 
log p = ~7109/T — 43-3 log T + 133.47, 


A differential method for the measurement of vapour pressure,** and the useeof 
the Clusius-Dickel separation tube with helium as inert gas between the 
bromine and a mercury manometer,*® have given results concordant with those 
quoted above. 

Reported changes in the physical properties of bromine and other liquids 
after intensive drying*® **must be regarded as unconfirmed.**** As Hinshel- 
wood** has pointed out, it is inconceivable that addition or removal of a trace 
of foreign substances should alter thermodynamic properties in bulk. 

The empirical quantity M log,, T + 8-0 M”, where M = mol. wt. and T = bp. 
in°K., seems to be anadditive function for many organicliquids; the contribution 
for a bromine atom: is 255.* 

The accepted value for the melting point of bromine remains —7+2 + 0-19; 
this figure has been compared with those calculated on hole theories of 
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liquids;*%** the cryoscopic constant per 100 g. of bromine has been found 
experimentally to be 8-31°; that calculated from the m.p. and latent heat of 


fusion is 8-64°.49 The triple point is variously given as —7-3° and 46-4 mm.,*° 
—7-3° and 44-1 mm.,°*” and ~7-6° and 43-1 mm.** 


THERMODYNAMIC PROPERTIES. 


The specific heat of bromine at low temperatures has been measured by 
Latimer and Hoenschal.®° Some of their values are given in Table IV. 


TABLE IV.- SPECIFIC HEAT OF BROMINE AT LOW TEMPERATURES 
C. (ge -cal-mole”) 1.83 |.286:|. 9.82 5.18 ce 9.38 
ee 8-1 | 93-5 | 985 . 11165 ia 175-4 
a eee ates ee 
183.0 1209.3 "O44. 


Values have also been recorded by Suhrmann and von Lude;5 their results 
are rather higher than those of Latimer and Hoenschal, e.g., at 154-9°K. they 
give C, = 12-64 g.-cal. mole” 

eee value of 2-53 kg.-cal.mole™* for the latent heat of fusion at the 

(Mellor, II,54) is in satisfactory agreement with values obtained by 

mite ag the latent heat of vaporization of liquid bromine (see below) from 
the latent heat of sublimation of solid bromine. The latter, calculated by 
Wohl from the vapour pressure curve for solid bromine,*”*® is 10.4 +0.2 kg.-cal. 
mole™* at the m.p.*® Since Regnault gave the m.p. of bromine as ~7-32°, there 
seems little reason to doubt his result. The value attributed (Mellor, II, 55) 
to Andrews for the specific heat of bromine at constant pressure between 11° 
and 45° should read 0-111. No new determination of the specific heats of 
bromine vapour has been reported. Both specific heats (Cp and C,,) are higher 
than those for permanent diatomic gases, and the ratio C Wer is therefore low 
(1-29). This is now generally attributed to vibration within the molecule, 
which for bromine is important even just above the boiling point; values 
calculated on kinetic theory for a rigid diatomic molecule are thus too low. 
Attention has been directed to the fact that for bromine, as for many other 
substances, Gi (liq.) ~ Ce (gas), indicating that the rotational and vibrational 
partition functions are approximately the same for the two phases.” 

Theoretical values for the heat capacity of bromine vapour in the range 
300-—1500°K. have been calculated*’ and may be expressed approximately (to 
within 0-2—0-7%) by the equatiort:*® 


Cy = 8-4228 + 0.974 x 10°°T — 3.555 x 1077 T?, 


From among several concordant results the best value®? for the latent heat 
of vaporization at 25° is 7-34 kg.-cal. mole™*. From the vapour pressure curve 
the value at the b.p. is 7-24 kg.-cal.mole™* (calculated from the results of 
Ramsay and Young) or 7-27 kg.-cal.mole™*.** Taking the latent heat of vaporiz- 
ation at the b.p. as 7-25 kg.-cal.mole™ and the b.p. as 58-8°, the entropy of 
vaporization is 22-0 g.-cal. deg:* mole; the significance of this value has 
been discussed in terms of restricted rotation of the molecules in the liquid 
phase.® The | heat of condensation at 10°, determined calorimetrically, is 
46-7 g.-cal. gi’ or 7-47 kg.-cal. mole™*.5? From the vapour pressure data given 
for liquid bromine near 0°, the latent heat of vaporization is calculated to be 
7°55 kg.-cal.mole™* or 7- 33 kg.-cal.mole™* (based on the result of Ramsay and 
Young; Mellor, II, 53). 

From calorimetric data the standard molal enuony of liquid bromine (at 25°) 
has been evaluated™ as 36:8 + 0-4 g.-cal.degi!; the earlier value given 
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(Mellor, II, 56) refers to a g.-atom and should be doubled. From this figure the 
calorimetrically obtained standard molal entropy is 59-5 g.-cal.deg'.'® This 
quantity may be obtained with very much greater accuracy from spectroscopic 
data:°*°” the two most important computations give 58-63%* and 58-6757 ¢.-cal. 
deg. *mole™*. The U.S. Bureau of Standards selected value is 58-639 g.-cal. 
deg. *mole™*.5* Thermodynamic data for Br, (liq.), Br,(g.), and Br(g.) in the 
spectroscopic state “Py at 25°, taken from this critical compilation, are: 


A H° AG® Se 
Br, (liq.) 0 0 36-4 
Br, (gas) 7034 0.751 58-639 
Er (gas) 26-71 19.69 41-805 


1, 
) 


or g.-cal. deg:* g.-atom™*) 


(AH®°, AG® in kg.-cal. mole™ or kg.-cal. g.-atom” 
5° in g.-cal. deg:* mole™ 


The chemical constant for molecular bromine, obtained from spectroscopic 
data, is +2-35 (this value refers to the calculation of vapour pressures in 
atmospheres)** Experimental values include 2-86,5° 2.79,9° 2.59 + 0.1,58 
2-55 + 0-1,%* and 2-5 + 0-25.°° For monatomic bromine the values obtained are 
1-87 (spectroscopic),** 1-88% and 1-89 + 0.2, 


IONIZATION POTENTIAL AND ELECTRON AFFINITY 


Earlier estimates of the first ionization potential of bromine were discussed 
by Noyes,” who, from a study of the potential necessary to maintain luminosity 
in bromine vapour, suggested a value of 12-5 + 0-Se.v. A detailed investi- 
gation of the arc spectrum of bromine indicated a value of 11-80e.v.°° The 
most recent values are 11-844, 21-584, and 35-890e.v. for the first, second, 
and third potentials respectively.°%®’ Extrapolation along the series Cu, Zn, 
Ga, Ge, As, Se is reported to suggest a value of 109e.v. for the seventh pot- 
ential, but there is no experimental confirmation of this.°* With copper X- 
radiation of mean wave-length 1-38 A. the potential required for formation of 
an ion-pair is 27-9 e.v,% 

Many investigators have evaluated the electron affinity of bromine from the 
Born cycle, using calculated lattice energies for alkali metal bromides and 
experimental data for the other quantities involved (a general account of the 
method is given by Moelwyn-Hughes).°* The precise value obtained for the 
electron affinity depends largely on the degree of refinement attempted in the 
evaluation of the lattice energy. Representative values obtained by this 
method are 84,’7 87,”° 77.279 and 87 + 2-57 kg.-cal.g.atom™. The most ac- 
curate result afforded by this method is probably that of Mayer and Helmholtz,*° 
who found the electron affinity of bromine to be 81-5kg.-cal. g. atom”. 

Several other methods have been used for the determination of the electron 
affinity of bromine. Measurement of the conductivity of a flame fed with ethyl 
bromide indicated a value of 86.7 kg.-cal.g.atom™.” From the appearance 
potential of the Br ion in a mass spectrographic analysis of bromine, Blewett 
deduced a value of 87-6+4 kg.-cal.g.atom™.” The determination from the 
space-charge effects of a hot tungsten filament in bromine vapour gave 88+3-4 
kg.-cal. g.atom™’.”° By determining the heat of ionic dissociation of alkali 
metal bromide vapours from measurement of the degree of ionization at different 
temperatures, and by combining these heats with other thermochemical data, 
lattice energies can be obtained experimentally; from the values so obtained, 
application of the Born cycle method has given results of 847° and 80” kg.-cal. 
g.atom™, based on measurements of the ionization of rubidium,’® potassium,” 
and sodium’® bromides. Sutton and Mayer developed a method for the direct 
evaluation of the electron affinity of iodine, based on measurement of the 
equilibrium between iodine atoms, iodide ions, and free electrons in the gas 
phase;”* and by a refinement of this method Doty and Mayer determined the 
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electron affinity of bromine as 80-5+0-4 kg.-cal. g.atom™.** The good agree- 


ment between this figure and the result obtained by the most accurate Born 
cycle method strongly suggests that Doty and Mayer’s value is the best at 
present available. There is no trend in the electron affinity in the pressure 
range 0-39 —21.2 1 between 1607° and 2276°K.™ 


THE ELECTRONEGATIVITY OF BROMINE AND TEE ENERGIES 
OF BONDS INVOLVING BROMINE 


A discussion of the meaning of the term ‘electronegativity’ has been given 
by Pauling,” who also discusses the various experimentally measurable 
quantities in terms of which electronegativities may be evaluated. One of the 
two principal authors on this subject (Mulliken)*? defines electronegativity as 
the mean of first ionization potential and electron affinity. The value for 
bromine on this scale is 2-75, obtained by dividing the sum of ionization 
potential and electron affinity by 130 (on this scale, F = 4-06, H = 2-52).? 
Pauling’s electronegativity coefficient, x, is calculated from the difference 
between the observed bond energy in a heteronuclear diatomic molecule AB 
and the arithmetic mean of the A-A and B=B single bond energies (on this 
scale, xp = 4-0, Xp, = 2-8, xy = 2-1).° Relationships, usually of a semi- 
empirical character, between some or all of the quantities bond energy, bond 
lengths, electronegativity, and force constants have been discussed by 
several authors.§*** Linnett®”? gives 2-5 and 4-1 x 10° dynes/cm. for the 
force constants of the Br-Br bond in Br, and the H=Br bond in HBr. 


HYDRATION ENERGY AND NUMBER OF THE BROMIDE ION 


As Latimer®* pointed out, the sum of the hydration energies of the cation 
and anion of most salts must be approximately equal to the lattice energy, 
since heats of solution of salts are usually small. In principle, the hydration 
energy of an ion is calculable from its radius in aqueous solution, its charge, 
and the dielectric constant of the medium.*? Because of the difficulty of 
determining the quantities necessary for such a calculation, the first attempt 
to obtain the hydration energy of the bromide ion made use of the somewhat 
questionable value for the absolute potential of the calomel electrode; this 
calculation gave an approximate value of 78 kg.-cal.g.-ion™’.** Later work 
made use of the reasonable hypothesis that entropies of hydration should be 
proportional to energies of hydration;** this approach has led to a hydration 
energy of 81 kg.-cal. g.-ion™*.*° 

The indefinite significance of the term ‘solvation number’, and the dif- 
ficulty of distinguishing between primary (chemical) solvation and secondary 
(physical) solvation has been emphasised in a review by Bockris.*°® For the 
bromide ion, for example, values of 0,°%°7 3.08 (relative to a value of unity for 
Ht)?* and 29-6 (5 for H+)?? molecules of water per Br” ion have been suggested. 
Bockris does not tabulate results for the primary solvation number, n, of Br; 
but data for other ions suggest that n decreases with increasing size of the 
unhydrated ion, and by interpolation between values for Cl” and I, n for Br7 
should be between one and two. 


THE BROMIDE-BROMINE STANDARD POTENTIAL 
For cells of the type: 
(+)Pt, KBr(c) + Br,, KBr(c), AgBr, Ag(—) 


with the concentration of potassium bromide 0-1~1N. and the bromine concen- 
tration from 0-9% to 10-3% of its saturation value, E9,, was found to be =0-9940 
V..°° This result was combined with the value £9,, = +0-1511 V. for the cell 
(-)Ag, AgBr, 0-1 N-KBr | 0-1 N-KCI, AgCl, Ag(+) and the previously determined 
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value for the standard potential of the silver-silver chloride electrode (-0.2223 
V.) to give E$,, = ~1-0652 V. for the cell: 


(4)Pt, Br,(liq.), Br” (a=1)|| H*+(a=D, H,(latm.), Pt(-) 
or £$,, = -1-0852 V. for the cell: 
(+)Pt, Br,(a=1), Br” (a=1)||H+(a=1), H,(1atm.), Pt(-) 


These results agree well with older data (Mellor, II,65). Their accuracy was 
confirmed by a cross-checking of the silver-silver bromide electrode against 
the calomel electrode.*°° The standard potentials for liquid bromine and 
bromine at unit activity are thus -1-065 V. and -1-085V. The standard pot- 
entials of the system 2Br™ (in solution) = Br, (lig.) + 2e have been found to be 
-0-85,*°% =-0-79'% and -1-01V.*°? in methyl alcohol, and -0.97V. in ethyl 
alcohol.*% 

The following summary of the oxidation-reduction chemistry of bromine 
and its ions is based on that by Latimer,®* who also discusses the interpreta- 
tion of such diagrams. 

Acidic Solution. 
-1.087 V. 


Br, (aq.) 
= lo e -1.49 V. a 
pee TOT Vines peers Ne Pig gee ee rl), 
-1.52 V. 
Basic Solution 
-0-71 V. 
| oe =-0. | - -0.54 V. - 
PRS sternly A ene oy ee Eaicy PA Ss Br, 


KS aoe ce ORY | 


MAGNETIC PROPERTIES 


Pascal’s value for the susceptibility of liquid bromine has been confirmed: 
according to Shur,**? the specific susceptibilities of both liquid and solid 
bromine are -0-40 x 10°° c.g.s. units; that of bromine vapour is -0-46 x 10° 
c.g.s. units.**%'49 The atomic susceptibility of bromine in organic compounds 
is given as’ 30.6 x 107% or’ 27-5 x 107° c.g.s. units g.atom™'; the latter 
value is based on only four compounds and is probably of less significance. 
It has been pointed out that formation of a halogen molecule from atoms should 
involve a loss in diamagnetic susceptibility.*° 

The susceptibility of the bromide ion in solids has been reported as 
Be own! Ue Ors 59-4 x 10 Crn.s, units », ton.; avalue of 39 x 10°° c.g.s. 
units g.ion™* has been suggested for the ion in the gaseous state or in solu- 
tion.*°” 

The magnetic rotatory power for light of wave-length 5780 A. is 66 x 10°? 
for covalently bound bromine, and 208 x 10°? for the bromide ion.*°* 


DIELECTRIC CONSTANT AND ELECTRICAL CONDUCTIVITY 


Two redeterminations of the dielectric constant of liquid bromine gave 
values of 3-12 at 15° and at a frequency of 187,000 per sec.,**® and 3-33 at 0° 
(frequency unspecified),*** The equation: 

€, = 3-212 (1~—0-00191¢) — 
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has been suggested for the variation of €, with temperature between 1° and 
18°;**° an alternative equation: 
Ep = 1.0730 + 617.4/T 

has been suggested for the temperature range 0—54°.*"* The dielectric constant 
of bromine vapour was found to be 1-0047 + 0.0003 at 760mm. and 0°; this 
value was calculated from measurements at 28-5°, at which temperature the 
constant varied linearly with pressure and was independent of the field 
strength.*** The dependence of the constant at higher temperatures on the 
applied potential was attributed to molecular excitation. Luft confirmed the 
linear variation of € with pressure at 50—250mm., and found the dipole moment 
of bromine vapour to be less than 10°*? e.s.u.;*** the value for liquid bromine 
ist!° 0.40 x 10728 or!!! 0-49 x 107*8 e.s.u. Theoretical discussions of dielectric 
constants and physical properties make mention of bromine.**47*® 

Values, tabulated below, for the specific conductivity of liquid bromine 
vary widely, probably owing to the presence of impurities (the conductivity is 
greatly increased by traces of water, for example **°). 


TABLE V.- SPECIFIC CONDUCTIVITY OF LIQUID BROMINE 


For solid bromine, x = 0-08 and 0-45 x 107° at -18-5° and ~9° respectively.*?* 


POLARIZABILITY AND REFRACTIVITY 


From a long series of measurements on carefully purified organic com- 
pounds, the contributions of a bromine atom to the refractivities for the C, D, 
F and G’ lines were estimated to be 8-681, 8-741, 8-892 and 9-011; M,29 for 
bromine was found to be 118-07.*° These values appear to render obsolete 
earlier ones*?®*®° deduced from relatively small numbers of compounds. The 
ionic refractivity of the Br ion for the D line, which is higher than that of 
covalently bound bromine in compounds, is 12-67;'74 a theoretical treatment 
gives 12-14,'7? The value 8-62 recorded for light of wave-length 5461 A. 
appears to be calculated*** on the erroneous assumption that hydrogen bromide 
is a polar gas Ht+Br’. 

The polatizability of the bromide ion, deduced from data on refractivity, 
is*?® 4.99 x 10°** or*#® 4.2 x 10°%. For bromine in organic compounds the 
atomic contribution to the distortion polarization is 8-5.*** Attention has 
been directed to the proportionality between refractivity and atomic volume 
among the halogens;*** and a theoretical discussion of the dependence of 
molecular polarizability on ionic size among the halogens has been given.'*° 


ATOMIC WEIGHT 


Both chemical and physical methods lead to the acceptance for the Inter- 
national Atomic Weight (1951) of 79-916, a value which, despite a number of 
more recent investigations, has remained unchanged since Baxter’s determina- 
tion of the Ag:AgBr ratio in 1906 (Mellor, II, 106). A’ determination of the 
density of pure hydrogen bromide (Mellor, II, 106), after correction for mathe- 
matical errors**® and unfavourable criticism by Baxter’? was eventually re- 
evaluated to give Br = 79-918.1*?, Hénigschmid and Zintl!*° distilled bromine 
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from calcium bromide solution, reduced it to potassium bromide with halogen- 
free potassium oxalate, and, while evaporating to crystallize potassium bro- 
mide, added a little permanganate from time to time in order to oxidize any 
iodide present. The potassium bromide was oxidized with somewhat less 
than the calculated quantity of halogen-free potassium dichromate and sulphuric 
acid (to avoid liberation of any chlorine), and the bromine, after distillation, 
was dried over fused calcium oxide and calcium bromide, and was finally 
distilled in vacuo. A known weight was reduced to bromide by pure ammonium 
arsenite, and the ratio Br: Ag was determined nephelometrically; the silver 
bromide was then weighed. The mean of ten determinations. of the ratio 
Br: Ag and nine of the ratio Br: AgBr gave Br = 79-916, the atomic weight of 
silver being taken as 107.880.*° 

Determination of the Ag: AgBr ratio from head and tail fractions of am- 
monium bromide subjected to prolonged fractional crystallization failed to 
reveal any separation of the bromine isotopes.*** In this work, the fractions 
of ammonium bromide were converted into sodium bromide by heating with 
sodium carbonate; a little potassium dichromate and sulphuric acid (sufficient 
to displace about 2% of the total quantity of bromine) were added, and the 
solution was boiled to remove the liberated bromine and any iodine present. 
A further quantity of dichromate (equivalent to about 95% of the bromide) was 
now added, and the bromine was distilled out. The residual solution when 
treated with dichromate liberated more bromine, showing that excess of bro- 
ide had been present throughout the distillation of the main fraction of bromine. 
After reduction with dilute aqueous ammonia, the ratio Ag: AgBr was deter- 
mined by adding a dilute aqueous solution of silver nitrate (made from a 
known weight of silver), and washing, drying first at 85—90° and then at 
250—300°, and weighing the silver bromide formed. The agreement between 
the mean result Br = 79-914 and other accurate determinations shows the 
value of the very much shorter process for the purification of bromine used in 
this work; economy in material is another considerable advantage. 

Fractional condensation of solid bromine from the vapour also failed to 
effect any separation of the isotopes of bromine; the most volatile fraction 
had Br = 79-916, compared with Br = 79-915 (both from Ag: AgBr) on the start- 
ing material.*** Determination of the ratios KBrO,:KBr and KBr: Ag gave 
Ag = 107-879, which, when combined with H&nigschmid and Zintl’s value for 
Ag:Br,**° yielded Br = 79-915 for the atomic weight of bromine.** 

Bromine was one of the first elements to be investigated in the mass 
spectrograph, and Aston’?’ found it to be a mixture of approximately equal 
parts of isotopes of mass number 79 and 81. A later determination by the 
same author gave Br = 79-916 + 0-002 on the chemical scale; the physical 
isotopic weights were determined as 78-929 and 80-926, with an abundance 
ratio of unity.**5 Blewett, using a Dempster-type mass spectrograph, found 
no evidence for a third isotopic constituent in ordinary bromine; he estimated 
the sensitivity of his determination as 1 in 3000.%* The abundance ratio of 
§IBr:7°Br was found to be 0-975 + 0-025, giving a chemical atomic weight 
Br = 79-90 + 0-02. 

The theory of the separation of the bromine isotopes by thermal diffusion**® 
and exchange reactions***"*” has been discussed; the calculated equilibrium 
constants for exchange reactions involving these isotopes are very little 
removed from unity, and the possibility of any considerable separation appears 
remote.**7 


MISCELLANEOUS PHYSICAL PROPERTIES 


Bromine vapour gives a positive Joshi effect (decrease in conductivity in 
an alternating electric field when the vapour is exposed to light) at low 
potentials, and a negative effect at high potentials.*°"*** Mixtures of bromine 
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and hydrogen are reported to produce effects proportional to the concentrations 
of the gases.*** 

The thermal conductivity of bromine vapour is independent of pressure at 
pressures greater than 2 mm., but its magnitude has not been measured.*” 
The rates of diffusion of bromine into hydrogen, nitrogen, oxygen and carbon 
dioxide have been studied using the colour of bromine as an indicator: the 
respective diffusion coefficients are 0-598, 0-132, 0.133 and 0-107.'*5' Glass 
is impermeable to bromine under ordinary conditions; and even during 9-5 years 
(including 100 days at 360°) no bromine was found to diffuse through tubes 
with walls 0-21 mm. thick.? 

Other subjects of minor chemical interest on which POPC a has been 
given are: the effect of bromine on the viscosity of sulphur,**® on the tempera- 
ture coefficient of the resistance of selenium,**” and on the mobility of ions 
in hydrogen and in oxygen;**? the thermionic emissionof platinum in bromine;*** 
a possible connection between the velocity of sound in bromine and its chem- 
ical reactivity;*** and the relationship of velocity of sound in organic liquids, 
of known molecular weight and density, to chemical constitution.*** 


THE DISSOCIATION OF BROMINE AND THE 
RECOMBINATION OF BROMINE ATOMS 


The thermal dissociation of bromine into atoms becomes measurable at 
about 650°. From the data of Bodenstein and Cramer (Mellor, II, 48) for the 
degree of dissociation and the equilibrium constant between 800° and 1284°, 
the heat of dissociation has been calculated to be 46-8 kg.-cal. at -273°, 166 
47.0 kg.-cal. at ~7°,*% 47-1 kg.-cal. at 59°,*° and 48-5 -ke.-cal., at 10447 °° 
Other values for the dissociation constant have been obtained by measurement 
of the vapour pressure of bromine at 650—900° by an adaptation of Knudsen’s 
method: at 650° and 900° log K, = -5-98 and -3-98 respectively.*°’ The latter 
value is much lower than dies of Bodenstein and Cramer for 877° and 936°; 
they found log K, = -3-37 and -2-89 at these temperatures. 

Gaydon, in a review of the determination of the dissociation energy from 
the convergence limit of the ultra-violet spectrum, gives 45-44 kg.-cal. for the 
heat of dissociation into normal atoms.*®* The slightly different Bureau of 
Standards’ value for AH®° for the monatomic gas has been given with other 
thermodynamic properties of bromine (see page 699). 

It is now generally believed that the Budde effect (Mellor, II, 63) is due to 
photochemical dissociation of a halogen molecule, followed by recombination 
of the atoms with liberation of heat and consequent expansion of the vapour. 
When the Budde effect was first observed for bromine, it was reported that 
presence of a trace of water was essential for observation of the effect.*” 
Later work was reported to show that the magnitude of the effect was propor- 
tional to the partial pressures of bromine and water vapour, and was a maxi- 
mum for light of wave-length 5500 A.; for moist bromine vapour light of wave- 
length greater than 5800 A. produced no effect. This was attributed to the 
intermediate formation of an unstable hydrate of formula 8r,,H,O, which dis- 
sociated into two atoms of bromine and a molecule of water.*7* The catalytic 
effect of water was further substantiated by the observation that the beginning 
of the region of marked absorption by bromine is moved from 5700 A. for the © 
dry gas to 6110 A. for the wet gas, corresponding to a decrease in the activa- 
tion energy of dissociation of 3-12 kg.-cal.*7* Unfortunately other authors 
have failed completely to confirm some of these data. Brown and Chapman, 
using a gas-filled tungsten filament lamp and filtering the light through 
ferrous ammonium sulphate or sodium dichromate solution, found that drying 
bromine over phosphorus pentoxide for several months did not diminish the 
Budde effect;*”? their conclusions were confirmed by Kistiakowsky,’” and, 
later, by Smith, Ritchie, and Ludlam.*”* On the other hand, Matthews found 
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that drying bromine vapour over phosphorus pentoxide for eight weeks decreased, 
but did not destroy, the effect.*°’ He also found that the magnitude of the 
effect was increased by the presence of air; more extensive investigations 
on the effect of foreign gases in facilitating the homogeneous recombination 
of bromine atoms gave the following sequence. for decreasing efficiency: 
CO,, O,, N,, Hz, A.’"* This result agrees with observations of other workers 
on this reaction (see below). The most recent experiments appear to estab- 
lish that traces of moisture are without effect.*”* 

Bromine atoms have also been produced by the action of an electric dis- 
charge in the vapour at 0-1 mm. pressure; their mean life has been estimated 
at 1-8 x 107° sec., recombination occurring on the wall of the tube.'7® The 
photochemical production of bromine atoms and their combination have been 
more thoroughly studied. Bodenstein and Ltitkemeyer,*”® in a pioneer study 
of reactions between free atoms, compared the rates of the hydrogen-bromine 
reaction in the dark and in light from a tungsten arc lamp in the temperature 
range 160—218°. Under both sets of conditions, the stationary concentration 
of bromine atoms determines the rate of formation of hydrogen bromide; this 
rate is thus an indicator for the concentration of bromine atoms. Knowing 
the concentration in the dark reaction from the concentraticn of molecular 
bromine and its degree of dissociation, the concentration of bromine atoms in 
the photochemical reaction is obtained; the rate of formation of atoms, esti- 
mated by assuming Einstein’s law of photochemical equivalence, must in the 
Stationary state be equal to the rate of recombination. By this method, it 
was found that about one collision in a thousand between bromine atoms leads 
to the formation of a molecule,*7®*®* For the reverse reaction, Bodenstein 
reported that at 300° and 1 atm. about one impact of molecules in 120 results 
in the formation of atoms; at 218° and 0-3—0-8 atm. in light, about one impact 
in 500 is effective.*”” The rate of formation of bromine atoms from molecules 
was at first believed to be faster than could be accounted for on the basis of 
activation by collision, but later calculations show that this is not necessarily 
so, 1787182 

The Budde effect and the hydrogen=bromine reaction, as sources of in- 
formation on the recombination of bromine atoms, are rather complicated. It 
has been established by spectroscopy that direct recombination of two atoms 
in the absence of a third body is a very rare event;*°°** most of the latest 
experimental work on the reaction has been concerned with the effect of 
different gases in facilitating recombination. 

Rabinowitch and his co-workers***” *** studied the dissociation by measur- 
ing the change in the molecular absorption coefficient of illuminated bromine 
vapour. From such measurements they evaluated the equilibrium constant of 
the reaction Br, = 2Br and, since the velocity of decomposition may be found 
from the number of quanta absorbed, the recombination velocity may be cal- 
culated. Thermal disturbances were found to pe a minimum when the reaction 
was investigated in helium. The velocity of homogeneous recombination 
was: found to be inversely proportional to the square root of the pressure, in 
accordance with the recombination mechanism 


Br+Br+He — Br, + He : 


The velocity constant was found to be 7-5 x 10°** (concentrations in molecules 
per c.c.). This corresponds to one double collision between bromine atoms 
in 1100 being a combining collision, or to practically every triple collision 
being effective.*®%'®5 The effect of the added gas in promoting recombination 
increases along the series He, A, N,, O,,,CH,and CO,; in the last gas, about 
one double collision in 175 is a recombining one.*** This order is in general 
agreement with thatdeduced from the study of the hydrogen-bromine reaction.**” 
These results have been discussed in theoretical reviews of atom combination 
reactions." 
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THE HYDROGEN-BROMINE REACTION 


The kinetics of this reaction have been examined by a large number of 
investigators, '7197-79%349 The following account is based largely on the 
the review by Semenoff,'®* with the inclusion of later work published after 
that review was written. 

The kinetics of the thermal reaction can be represented by the equation: 


2he [H,] [Br,]” 


d 
dt clot THBE1 OTBr,] 


in the temperature range 228—302° the activation energy of the reaction 
H, + Br, = 2HBr is about 40 kg.-cal.; the first stage in the reaction is dis- 
sociation of bromine molecules into atoms. 

The photochemical reaction also proceeds via the dissociation of a bromine 
molecule into atoms.*”® At room temperature the quantum yield for the overall 
reaction is far below unity; in the temperature range 160—210° it increases 
about 1-5 times for each 10° rise in temperature. Here, the rate of formation 
of hydrogen bromide is given by the equation 


nase 

i + [HBr] /10[Br,] 

where /abs. is the number of quanta absorbed by the bromine; and if / = the 
number of incident quanta and @= absorption coefficient of bromine, 


labs = al[Br,| 
Substitution in the equation for the rate of the photochemical reaction gives: 
(H,] (Br,]% 


d , 
~ |HB = 
a: HBtlp = 2Kp t-TBATioTBET 


These experimental results have been interpreted by the following reaction 


d 
3; LHBrlp = 2Kp as, 


scheme:*°47796 
Bry ieinaics Taha 2Br (1) 
fe ee meat} 
H + sea” HBr + Br (3) 
Hee Bree cee (4) 
Bri Br i Toscan Br, (5) 


Since reaction (2) is endothermic to the extent of 16-4 kg.-cal., most collisions 
between bromine atoms and hydrogen molecules will not lead to reaction at 
ordinary temperatures; at higher temperatures the probability of reaction is 
greatly increased — hence the variation of the quantum yield of the overall 
reaction with temperature. When a steady state is reached, the concentration 
of intermediate products is taken as constant. This leads, for the thermal | 
reaction, to the equation: 


oo = a I SN gf SS 
dt [HBr]; = 2k, ( ) ip [ rl 


k 
: yikes [Br,] 


By substituting ky = k, Vk,/ks and k,/k, = 0-1, the expression for the experi- 
mental results is obtained. A similar treatment of the photochemical reaction 
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leads to the equation: 
1 
2Kp [H,] Taps, 


4, ae ke [HBr] 
ks (Br,| 


where Kp = k,//k, for this reaction. Since the ratio k,/k, is the known equili- 
brium constant for the dissociation of bromine, k, may be obtained from the 
experimentally determined value of ky for a given temperature. From values of 
k,, the activation energy for (2) is 17-6 kg.-cal.: since reaction (2) is endothermic 
(16-4 kg.-cal.) the activation energy for reaction (4) must be 1-2 kg.-cal. Since 
k,/k, is found experimentally to be independent of temperature, the activation 
energy of (3) must also be about 1-2 kg.-cal. From the calculated rate of (5) and 
the equilibrium constant for the dissociation of bromine, k, can be shown to be 
expressed very roughly by the equation: 


k, ss 1023 x e@ 745,200/RT 


d 
ns [HBr] = 


the activation energy of 45-2 kg.-cal. being equal to the heat of dissociation of 
bromine. There is, however, the effect of a third body on the dissociation of 
bromine to be considered; and since k, will therefore show some variation with 
pressure, the rate of the overall hydrogen-bromine reaction shows a similar slight 
variation ,*°%'9° 

In the presence of nitric oxide, the rate of the photochemical reaction becomes 
proportional to the intensity of the light.7°* Comparison of the rates of reaction 
of hydrogen and deuterium with bromine gives 17-2 + 0-5 and 19-3 + 0-5 kg.-cal. 
for the activation energies of reaction (2) and the analogous reaction involving 
deuterium.”°’ Investigations have also been made on the influence of the walls 
of the reaction vessel,*®%?°° the effect of higher temperatures,?™ the presence of 
water vapour’?% 20° 204 and the wave-length of light used in the 
photochemical reaction. A number of theoretical discussions have also 
been given.7°°"#5 

The effect of pressure on the explosion temperature of mixtures of hydrogen 
and bromine has been investigated.74*"° For x% of bromine, a total pressure 
P mm. and a temperature 7 at which detonation occurs the following relationships 
hold. Fora constant value of x, between 680° and 870°K. and 17-5 and 300 mm., 


log (P/T) = const. + 4000/T. 


_ At a constant temperature, P is minimal when x ~ 67%. Increase in the diameter 
of the reaction vessel decreases T by increasing the chain length. Addition of 
nitrogen increases 7, addition of hydrogen bromide has little effect. Coating the 
sutface with potassium chloride decreases T. The effect of x on P at a given 
temperature is attributed to the effect of composition on the thermal conductivity 
of the mixture; the reaction mechanism under these conditions has not, however, 
been investigated in any detail. 


or inert gases, 
201,202 


EXCHANUE REACTIONS INVOLVING BROMINE ISOTOPES 
The observation that the exchange reaction: 
HBr* + BrBr = HBr + Br*Br 


in the gas phase (using the *°Br and **Br isotopes as indicators) attains equili- 
brium in 2 min. at room temperature was at first attributed to a chain reaction 
involving bromine atoms.”° Libby, however, suggested that the main reaction 
proceeds through the formation of a complex of formula HBr,;*** and by demon- 
strating that fluorine and hydrogen fluoride show no similar rapid exchange, he 


claimed to have provided indirect evidence for the correctness of his suggestion.” 
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Later work by Jacobson, using **Br, established that the half-life of the exchange 
reaction at room temperature under a pressure of approx. 1 mm. of mercury was 
0-14—0-75 sec.; this time was reduced to 0-06—0-08 sec. when the mixing chamber 
was packed with silica wool.7®* Furthermore, he found no evidence of a photo- 
chemical effect. The main reaction thus appears to proceed heterogeneously, 
but the mechanism remains uncertain. 

Freshly coagulated silver bromide exchanges its bromine with potassium 
bromide solution rapidly at first (10% exchange in 1 min.) then much more slowly 
as the precipitate ages.*** Bromine dissolved in a dilute solution of potassium 
bromide exchanges rapidly with all of the bromine in the PtBrj” and PtBr;” ions 
in aqueous solution.*** Interchange of radiobromine between the PtBr” and 
PtBr;- ions and the non-ionic complex Pt(NH,),Bt, also proceeds readily.?* 
Lead bromide exchanges with radiobromine dissolved in potassium bromide solu- 
tion, and this has been interpreted as indicating formation of complex ions PbBr,” 
and PbBrj" ;757 the evidence cited in support of this conclusion is scanty. 

In the temperature range 170—200° exchange between radiobromine and carbon 
tetrabromide vapour is homogeneous and proceeds at a rate proportional to the 
first power of the cencentration of the cazbon tetrabromide and the square root of 
the concentration of the bromine.*5* This strongly suggests that the mechanism 
is: 

CBr? Bret = CBr aor a 


CBry. +, BrBr* -> CBr Breit opt 


In the liquid phase, between 107° and 160°, the reaction proceeds by the same 
route, with an activation energy of 3 kg.-cal.7°* Bromine in carbon tetrachloride 
at room temperature exchanges rapidly with arsenic tribromide or stannic bromide, 
but not with ethylene dibromide or bromotrichloromethane; with the latter, there 
is no exchange in the dark at 100°, but a rapid exchange occurs at 76° in green 
light.2*” The mechanism of this last reaction is presumably similar to that given 
above for the bromine-carbon tetrabromide exchange. Antimony tribromide?®° 
and selenium tetrabromide*™ also exchange with radiobromine in less than 1 hr. 
at 50° in carbon disulphide. In the formation of higher bromides from cuprous 
bromide, aurous bromide, or phosphorus tribromide and bromine containing “Br, 
the bromine atoms in the products have been shown to be equivalent in each 
instance.” (See also Chapter V). 


SOLUTIONS IN WATER AND AQUEOUS SOLUTIONS OF BROMIDES 


The total solubility of bromine in water at 25° is 0.2141 mole per litre, but 
owing to the hydrolysis and the interaction of the bromide ions produced with 
more bromine this figure is a composite one: the concentration of molecular 
bromine in such a solution is 0-2098 mole per litre.7*” The hydrolysis constant 
of bromine, determined from conductivity measurements, is 0-70 x 107° at 0°,7*° 
1-78 :x 10°? at 10°,?*° 5.8 10°? ac 25°, 749489 8.3 10a at ale = tandai lesa Ceueae 
350°,.**° Measurement of the pH of bromine solutions with the glass electrode 
indicates a value of 4-2 x 10°? at 25°.74° Interpretation of these results is. com- 
plicated by the different importance of the equilibria 


pum Seiki OE te leven and Bi, Dye bre 


at different temperatures, lower temperatures favouring polybromide ion forma- 
tion.”**29 The vapour pressure of bromine above its 0-1 N. solution in water is 
18-8mm. at 12°; above a similar solution in N-potassium bromide it is only 1-7 
mm., and in 6N-hydrochloric acid, 3-0mm.?*4 According to Jander and Feit,??? 
the presence of calcium chloride in solution increases the volatility, whilst the 
presence of sodium chloride, hydrochloric acid or potassium bromide decreases 
it; such a difference between two chlorides in aqueous solution would be remark- 
able and obviously needs confirmation. Bromine water in equilibrium with liquid 
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_ bromine (saturated with water) has a v.p. of 748-8mm. at 53-6° at this tem- 
perature the aqueous layer contains 3-50 g. of bromine per 100g., and the 
vapour evolved contains 98-8 g. of bromine per 100.77? The first product in 
the photochemical reaction between bromine and water is believed to be hypo- 
bromous acid, which then decomposes giving hydrobromic acid and oxygen.?4 
The decrease in the rate produced by addition of bromide ions is due to forma- 
tion of polyhalide ions. 

Early work on bromine hydrate (Mellor, Il, 73) appeared to indicate a 
formula Br,,10H,O, and this formula was supported by Harris.??5%4 On the 
_ other hand d’Ans and Héfer, from their study of the Br,-H,;O system, reported 
the formula Br,,8H,O;7*° their value for the transition point for the system 


Br,,8H,O(s) = Br,(liq.) + 8H,O(liq.) 


of 5-8°, however, is almost the same as that reported earlier (6-2°) for the 
system involving the decahydrate. The most likely interpretation of these 
results appears to be that the decahydrate represents only partial formation 
of the hydrate of ideal composition Br,,8H,O. The unit cell of bromine 
hydrate has been shown to contain 48H,O, like that of sulphur dioxide (which 
has been studied in much more detail); the structure is probably that of a 
form of ice with bromine molecules occupying cavities in a relatively open 
structure.””* This structure has not yet received a full experimental confirma- 
tion, however. The heat of formation of bromine hydrate has been calculated 
from Roozeboom’s values for the dissociation pressure: AH = 7.9 kg.-cal. for 
the reaction*** 


Br,,10H,O(s) = Bri) + 10H,O(s) 


From a study of the distribution of bromine between water and potassium 
bromide solutions, using the Jones and Kaplan equilibrator,??” the equilibrium 
constants of the reactions 

Bae P11 Be; = Br, 
br haere abr, 


in solution were found to be 16 and 40 respectively at 25°. From the distri- 
bution of bromine between carbon tetrachloride and aqueous solutions of 
hydrobromic acid, K for the formation of the Br} ion was found to increase 
from 16-8 in 0-1 M-acid to 17-6 in 0-52 M-acid.”*® Similar investigations on 
the partition between carbon tetrachloride and solutions of hydrobromic acid 
and lithium, sodium, and potassium bromides at 21-5°, and between carbon 
tetrachloride and solutions of sodium and potassium bromide at 16-5°, also 
show that K varies slightly with the ionic strength of the solution. The mean 
value for K at zero ionic strength is 17-4 at 21-5° and 18-4 at 16-5°799 

The solubility of bromine in strontium bromide solutions has been measured 
and Table VI shows some of the results:?”? 


TABLE VI.- SOLUBILITY OF BROMINE IN STRONTIUM BROMIDE SOLUTIONS 


Concn. SrBr, moles/ 1000 g.H,O | 0.02455 | 0-0618 | 0.1992 | 0-3911 
Concn. Br, moles/1000 g.H,O 0-2653 0-3487 | 0-7359 | 1-259 
These results, like those for the solubility in potassium bromide solutions 
(Mellor, II, 83) indicate formation of Br;as well as Br} ions. The solubilities 
of bromine in 1-070, 2-140 and 3-106 M-hydrochloric acid are 0-496, 0-816 and 
1-164 moles Br,/litre at 20-8°, those in 0-104, 0-416 and 1-664 M-hydrobromic 
acid at the same temperature are 0-333, 0-681 and 2-129 moles Br,/litre res- 
pectively.7** The solubilities in 0-701, 1-387 and 2-313 M-sodium chloride 

solutions at 20-6° are 0-321, 0-425 and 0-612 moles Br,/litre.?** 
In the tetramethylammonium bromide system, (CH,),NBr-Br,, the compounds 
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(CH,),NBr, (m.p. 118-5%73#?35 and (CH,),NBr, (m.p. 56-7°)?** have been reported. 
The only alkali metal polybromide which has been obtained in the anhydrous 
state is caesium tribromide.*** None of these substances has been investigated 
by X-ray diffraction, and there is no information on the structures of the 
polybromide ions. 

The ionic mobilities of the Brj and Br; ions at 25$determined from con- 
ductivity measurements, are 43 and 30 ohm™“*cm:* respectively. The acid 
present in the solution of bromine in hydrobromic acid appears to be a very 
strong one;?*° this may be correlated with the failure to prepare the anhydrous 
acid HBr, or other similar acids of which polyhalides are salts. 


SOLUTIONS IN NON-AQUEOUS SOLVENTS 


Bromine is miscible in all proportions with chloroform or carbon tetra- 
chloride. Bromine and chloroform form a eutectic containing 17 mole % Br, 
(m.p. ~72°, but form no compounds,7*4747, This observation is in accord with 
the relative reactivities of bromine and chlorine in chloroform towards sodium: 
chlorine, which does form additive compounds, reacts less rapidly than bro- 
mine.7°° Bromine and carbon tetrachloride form a eutectic containing 25 mole 
% Br, (m.p. —44°)?*° and an azeotrope containing a mole fraction of 0-884 of 
bromine (b.p. 57+7° at 735-6 mm.).242 The specific gravity of the azeotrope is 
4% less than that calculated assuming the solution to be ideal; this is at- 
tributed to the large difference between the internal pressures of bromine and 
carbon tetrachloride (5700 and 3070 atm. respectively”*”), Freezing-point 
curves fail to reveal any evidence for compound formation in systems involving 
bromine and the following substances: boron tribromide,**° carbon tetra- 
bromide ,7** silicon tetrabromide,?*° titanium tetrabromide,?*° stannic bromide,?*° 
arsenic tribromide,?*° and antimony tribromide.**° Bromine and phosphorus 
trichloride yield mixtures of inadequately characterized chlorobromides.*****5 

Bromine is readily soluble in ethyl ether, and the compounds (C,H, ),O,Br, 
and (C,H,),O,Br, are reported in the earlier literature. Above -40°, however, 
interaction of bromine and ether, with liberation of hydrogen bromide, takes 
place slowly; and McIntosh, in his study of the bromine-ether system, was 
unable to prepare the tribromide free from hydrogen bromide.*** This, he poin- 
ted out, may mean that the formula of the tribromide is really [(C,H,),OH]*Br; 
(writing it as an oxonium salt), and that the conductivity of ethereal solutions 
of bromine is due to this substance. Bruns measured the conductivity of 


mixtures of bromine and other ethers, dried over phosphorus pentoxide, with 
the following results ;745 


TABLE VIL- ELECTRICAL CONDUCTIVITY OF MIXTURES OF 
BROMINE yeu ETHERS 


% by wt. di-n-propyl ether 
10°x at 0° ohm™ cm 


“ 82 . 38 ay 


18-3 23-2 

1-87 1-97 
YB e2 10-5 14.8 21-4 28.4 | 
| 3-00 4-28 | 8-26: | 8+ 28 6-68 
The temperature variation of fhe conductivity of the 5+27% Zalation in dimethyl 
ether was:745 


| % by wt. di-isoamyl ether 
10° at 0° 


% by wt. dimethyl ether 
10°x at -70° 


t -70° —50° 34° 18° -13° 
10° «+ 33-00' ~ 4.51 6:09 8-06 8-76 


On electrolysis of the solution in diethyl ether, bromine is deposited on a 
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silver anode in accordance with Faraday’s Law.** Bruns rejected McIntosh’s 
explanation of the conductivity, but his decision should not be regarded as 
final; dissociation of the type he suggests, into (C,H,),0** and Br” ions, 
does not appear very probable in a medium of low dielectric constant. 

Systems involving nitrogen-containing organic compounds (pyridine ,?*%?47 
quinoline,**° acetamide?®* and benzamide?*»?*°) and bromine have also been 
investigated. The conductivity of the bromine-pyridine system is a maximum 
at 9 mole % of pyridine and has a positive temperature coefficient; dissociation 
is believed to proceed according to the equation: 


C,H,NBrn_ = C,H,NBrz-; + Br 


The variationin the conductivity of mixtures of bromine and quinoline with time 
strongly suggests that reaction occurs, and the significance of this is doubtful. 
Bromine and benzamide form a red additive compound C,H,CONH,,Br, which 
appears to dissociate in bromine,**® but again the conductivity varies with 
time and its interpretation is obscure. An analogous addition product is 
formed from acetamide and bromine.® 

Bromine is miscible with liquid sulphur dioxide in all proportions.?** The 
report”®* that bromine undergoes dissociation (shown cryoscopically) in liquid 
chlorine, although the solution is a non-conductor, can readily be accounted 
for by the formation of undissociated molecules of bromine chloride: 


Dino Cleese Peer 


The vapour pressure of bromine above its saturated solution in glacial acetic 
acid is only 0-26mm.;*" the nature of the solution, however, has not been 
studied. 


ADSORPTION OF BROMINE 


The amount of bromine which c7n be adsorbed on silica gel is dependent 
on the method of preparation of the gel.*°? Adsorption at room temperature is, 
however, accompanied by condensation phenomena, and the size of the pores 
of the gel determines how much bromine is taken up. The adsorption by silica 
gel in the temperature range 58° to 138° has been studied in some detail.7® 
The silica gel was washed with nitric acid and water, and after being electro- 
dialyzed for two days was dried and air-activated at 600°. Typical results 
are given in Table VIII. 


TABLE VIIIl.- ADSORPTION OF BROMINE BY SILICA GEL. 


(a) 58-0° p(mm.) 3°7 16-1 38-2 
millimoles per g. silica gel|| 0-0384 | 0.1238 0-2585 


l(b) 79.0° p(mm.) 11.5 69-8  |2186 |395-4 | 756.0 
millimoles per g. silica gel |} 0-0473 0-2342) 0-6911 1-410 4-648 


(c) 99-9° p(mm.) 12.9 726 |1513 |3926 | 744.4 
millimoles per g. silica gel |} 0-0267 0-1443 0.2770 0-682 1-450 | 
(d) 117-5°p(mm.) 67-7 139.4 174.2 392.0 790-4 | 
millimoles per g. Silica gel|| 0-0809 0-1585}; 0-1889 0.4076 0-831 | 
(e) 137-7°p(mm.) 68-1 139-5 | 173.3 393-8 | 789-8 | 
millimoles per g. silica gel | 0.0570 0.1039 | 0.1297 0.2663 0-521 | 


These results do not fit either the classical or the Langmuir adsorption 
isotherm, and appear to indicate loose physical binding or capillary conden- 
sation.”** A partialinvestigation of the magnetic susceptibility of the bromine- 
silica gel system, however, has shown that the susceptibility is not an additive 
function of the susceptibilities of the components.” 
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The validity of early investigations of the adsorption of bromine from 
aqueous solutions by charcoal has been challenged by Kolthoff,’”* who has 
drawn attention to an observation of Freundlich that bromine water is decom- 
posed in the presence of charcoal. Kolthoff found the main reaction to be: 


2Br, + 2H,O0 -> 4HBr + O, 


Bromine in carbon tetrachloride solution is not decomposed, and adsorption 
from this solvent or from chloroform (or from mixtures of these solvents) ac- 
curately obeys the so-called Freundlich equation.7”%?” Removal of the 


adsorbed bromine is difficult, a temperature exceeding 400° being required for 
complete desorption in a reasonable time. 

Adsorption from the vapour phase by steam-activated charcoal previously 
degassed at 700° has been measured, and the results 
IX. 


273 


238,274 are given in Table 


TABLE IX.- ADSORPTION OF BROMINE BY CHARCOAL 


(114 168.8 [140-4 |265.7 |473.0 | 
millimoles Br per g. C.||4-607 | 4-972] 5-358 5554 5-665 5-779 
(b) 981° p(mm.) 3-0 |18-6 |683 |266-2 |792.3 
millimoles Br per g. C.|}3-044 | 4-729] 5-048] 5311| 5-527 
4. 
8 


(c) 137-6° p(mm.) 1-8 19-2 |681 265-8 
3°355 207 | 4-629 4-990 


millimoles Br per g. C. 
(d) 178.4° p(mm.) 3 16. 


The rate of adsorption was investigated at 137-6°C. and at pressures 
varying between 0-03 mm. and 791-5 mm.; equilibrium was found to be reached 
in about fifteen hours under these conditions.?"* The average value, calculated 
from these results, for the differential heat of adsorption of bromine on char- 
coal was 11-4 kg.-cal. per mole of bromine, this value being about 4 kg.-cal. 
greater than the latent heat of evaporation.?** | 

The nature of adsorption of bromine by carbon has been investigated. At 
room temperature the limiting composition of the product formed from graphite 
and bromine vapour is C,Br; X-ray analysis by the powder method shows that 
each bromine layer is separated by two layers of carbon atoms from the next 
bromine layer, with the C=Br-C distance 7-05 A. and the C=C interlayer dis- 
tance 3-35A.77° Since, by comparison with carbon monofluoride, graphite 
bromide is relatively unstable, it has usually been assumed that the bromine 
enters the structure in the form of Br, molecules. The C=C distances within 
layers of carbon atoms might throw light on the structure by showing whether 
the C=C bond order is less than that in pure graphite, but unfortunately they 
are not yet available. Adsorption of bromine greatly increases the electrical 
conductivity of active charcoal, the effect being proportional to the external 
pressure exerted on the charcoal.””*> The magnetic susceptibility of bromine- 
charcoal has been known for some time to differ from the value calculated for 
a mixture of bromine and graphite,?°»?7%?78 and a careful study of the system 
has recently been made by Goldsmith.?” At 298°K. the susceptibility of 
graphite is -5-3 x 10°° c.g.s. units g.7*; at 75°K. it is -7-4 x 107° c.g.s. units 
g.*: For bromine-graphite samples the following values were obtained: 


igh} Geese NOS 
298° K pews 
0-051 402 —5.4 
0.67 —0.31 0.29 
0.71 —0.31 —~0°29 
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These values are incompatible with the occurrence of the whole of the bromine 


as atoms or as molecules; they appear to require the presence of a few carbon=- 
bromine bonds.?7? 


‘POSITIVE’ BROMINE 


In organic chemistry, bromine atoms (e.g., in N-bromoamides) which in the 
presence of ammonia, alcoholic alkali, or halogen acids are replaced by hydro- 
gen are usually called ‘positive’. Waters*®® and Altschul and Bartlett,?* 
however, have concluded that there is no sharp distinction between such 
halogens and others, and Waters has advanced strong arguments for the view 
that bond fission in ‘positive’ bromine compounds is often a homolytic process. 
The term ‘positive bromine’ is therefore restricted here to a free or solvated 
bromine cation. 

In mineral acid (though not in neutral) solution in the absence of bromide, 
hypobromous acid is a much more powerful brominating agent than bromine, 
converting benzene into bromobenzene very rapidly at room temperature. By 
treating bromine water with a salt of silver or other metal which forms an 
insoluble bromide, a solution of similar brominating power is obtained.?* 
These observations are interpreted as showing the formation of bromine cations 
by the reactions: 

HOBr + Ht = Br.H,Ot 


Br, + Agtaq) — AgBr + Brtagq) 
The thermochemistry of the process 
Bry Oe) Br.H,08 + Br: 


in aqueous solution has been discussed theoretically by Bell and Gelles,** 
who estimate the equilibrium constant for this reaction as about 10°*°, a value 
which is compatible with the presence of small concentrations of solvated 
bromine cations in solution, Further evidence for the existence of such 
cations has been provided by the observation that on electrodialysis through a 
collodion-impregnated membrane bromine can be isolated from a 4% solution of 
hypobromous acid in the presence of 7% of sulphuric acid.?* 

Some stable compounds in which a bromine cation appears to be stabilized 
by co-ordination with pyridine are known. Silver nitrate (3 g.) dissolved ina 
mixture of dry pyridine (5c.c.) and chloroform (10c.c.) reacts with bromine 
(3g. in 10c.c. of chloroform) to form silver bromide and a solution from which 
petroleum ether precipitates the white crystalline hygroscopic compound 
Br(C,H,N),.NO, (m.p. 78°).78* This substance is soluble in chloroform or 
pyridine but insoluble in carbon tetrachloride; it is very reactive, and with 
cyclohexene, for example, gives the saturated product C,H,,BrNO,.7** An 
alternative precipitant for the nitrate is diethyl ether; and from silver per- 
chlorate, pyridine and bromine in chloroform the perchlorate Br(C,H,N),C1O, 
may be obtained by similar methods.*** 

The bromine pyridinium nitrate on treatment with aqueous 0-4 N-sodium 
hydroxide yields a yellow precipitate which when rapidly dried on a_ porous 
plate and then in vacuo over solid potassium hydroxide has the empirical com- 
position Br,O,H,O,C,H,N.*** The constitution (Br,H,O,C,H,N)* OBr’ has been 
suggested for this substance;*** but no work on its structure has been re- 
- ported. 

The interaction of bromine and the silver salts of perchloric or trifluoro- 
acetic acids in the presence of aromatic compounds results in bromination of 
the aromatic compound in the position to be expected for electrophilic attack: 
bromine, silver perchlorate or trifluoroacetate and benzoic acid, for example, 
yield m-bromobenzoic acid; toluene is converted into p-bromotoluene:****’ This 
strongly suggests that free or solvated Br* ions participate in such halogena- 
tions. | 
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MISCELLANEOUS CHEMICAL PROPERTIES OF BROMINE 


The interaction of bromine and hydrogen is discussed from the point of 
view of mechanism on page 706 and in connexion with the preparation of 
hydrogen bromide on page 724. As might be expected, bromine reacts very 
rapidly with previously prepared atomic hydrogen:7°57°° 


H + Br, — HBr + Br 
Bromine will not react with molecular oxygen, but by the action of atomic 
oxygen or ozone on bromine under suitable conditions, bromine oxides (see 
page 748) have been prepared. The formation of the oxide Br,O, probably 
accounts for the action of bromine as a sensitizer for the photochemical de- 
composition of ozone by a mechanism similar to that established for the de- 
composition of ozone in the presence of chlorine; the quantum efficiency of 
30 with light of wave-length 5460 or 3650 A. for the bromine-sensitized decom- 
position indicates a chain reaction in which the decomposition products of the 
oxide react with more ozone.7*47** Bromine also sensitizes the photo-decom- 
position of chlorine dioxide by light of wave-length 5460 A., the quantum yield 
being the same as that in the reaction induced by light of wave-length 3650 A. 
in the absence of bromine.**° The mechanism of the decomposition is probably 


Brot ny — 2Br 
Br + .ClO;) = “4BrOMesGlo 
BrO) 42 ClO Wy -=5 Bray eles 


Formation of ClO, radicals appears a necessary postulate in order to account 
for the oxide Cl,O, as the main product of the reaction.*** The decomposition 
of chlorine monoxide into chlorine and oxygen is also sensitized by bromine 
for light of wave-length 5460 A.; in this and in the sensitized decompositions 
of bromochloroparaffins, the primary step is the dissociation of the bromine 
molecule into atoms.**® 

The reactions of bromine with fluorine (leading to the formation of a mono- 
fluoride, trifluoride, or pentafluoride according to the conditions employed) and 
with chlorine (leading to the formation of the unstable monochloride) are 
described on page 147 and page 476 respectively. The reaction with iodine is 
discussed in detail in Section XXV. Sulphur and bromine, when heated in a 
sealed tube, yield only the bromide S,Br,; selenium and bromine vapours 
combine to form a dibromide SeBr,, stable between 250° and 500°, which on 
cooling disproportionates to give bromine and the bromides Se,Br, and SeBr,.7°° 
Tellurium and bromine react at room temperature, forming tellurium tetra- 
bromide;*” it seems doubtful therefore whether the suggested use of a tellurium 
strip as a detector for atomic bromine**® is very satisfactory. The rate of the 
well-known oxidation of sulphur in aqueous suspension by bromine appears to 
be somewhat affected by the salt concentration when the oxidation is carried 
out in solutions containing sodium chloride or concentrations of lithium chloride 
higher than 4N.; this matter has not, however, been investigated in any 
detail.?°? It has been established that sparking radon and bromine, or expos- 
ing them to ultra-violet light, effects no combination.?% 

Sodium in the massive state is without action on bromine (Mellor, II, 92); 
this system is obviously thermodynamically unstable, however, and under the 
influence of mechanical shock, detonation occurs.*°* Under the conditions of 
the sodium flame reaction, bromine reacts more rapidly than methyl iodide.?*5 
The primary reaction between sodium and bromine as vapours is 


Na + Br, -> NaBr + Br + 40 ke-.-cal. 
This is accompanied by luminescence. Secondary reactions are 


Na + Br -—> NaBr + 86 kg.-cal. 
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on the walls, without luminescence, and 


Na, + Br -—> NaBr + Na + 68 kg.-cal. 
in the gas phase, with luminescence.7°© The energy-distribution for electrons 
emitted in the reaction between bromine and the sodium-potassium alloy NaK, 
has been investigated.” 

Silver is slowly attacked by bromine; presence of water does not affect 
the rate of attack, but presence of bromide ions accelerates it.??* These 
observations are doubtless to be explained by the insolubility of silver bromide 
in water and its solubility in solutions of bromides owing to the. formation of 
a complex ion such as AgBr3. Zinc and bromine at room temperature do not 
react to any considerable extent in the absence of a solvent or in the presence 
of benzene, carbon tetrachloride or petroleum ether,?°°°° In the presence of 
water or ethyl ether, however, reaction occurs; ether dissolves zinc bromide 
to form a compound ZnBr,,(C,H,),0.°*°° Aluminium foil, if gently warmed, 
reacts with bromine with incandescence and the formation of aluminium bro- 
mide;*** the volatility of the bromide prevents the formation of a protective 
coating. 

For the reaction of tin with bromine in carbon tetrachloride, chloroform or 
ethylene dibromide, the reaction is of the first order with respect to the bromine 
concentration, and the velocity constant is proportional to the fluidity of the 
solvent and to the absolute temperature. The dependence of the velocity 
constant at 20° on the rate of stirring is expressed by the equation 


k = Bs + k, . 
where B is a constant, s is the rate of rotation of the cylinder of tin used, and 
k,, is the velocity constant when there is no stirring. These results agree with 
those expected on the basis of the diffusion theory.°” 

Pure dry bromine attacks iron or mild steel only slightly, a protective layer 
of bromide being formed; in the presence of water, however, a hydrated bromide, 
which will not adhere to the surface, is produced.”’? Platinum does not react 
under ordinary conditions, but if bromine atoms are produced thermally (e.g., at 
1200°) or photochemically, attack on the platinum takes place; except at 
temperatures so high that a bromide volatilizes, however, attack is limited to 
a surface reaction.°°%°" 

Fuming nitric acid and bromine at room temperature form bromic acid and 
nitrogen oxides.*°* Bromine and nitrogen dioxide form a eutectic containing 
about 72% of N,O, (m.p. ~16-6°), but there is no indication of the formation of 
nitryl bromide in this system,°°° The compounds also fail to react when kept 
in sealed tubes in the dark or in ultra-violet light, or when heated at 100°,°°° 
The reaction 

2NO(¢) +: Brag) = 2NOBr( 9) 


is remarkable as one of the few examples of a third order reaction; cata 
lysis of the nitric oxide=-chlorine reaction by bromine is attributed to the 
intermediate formation of nitrosyl bromide.*” 

In the absence of water, bromine reacts with sodium or silver azide ac- 
cording to the equation 


MING Bp, wm Nir te Brn 4: 
forming the highly unstable bromine azide (m.p. ca. ~45°). In the presence of 
water, however, the overall reaction becomes:** 


Z2MNG PB ioes == ee NBist SN, 
The mechanism of the reaction in aqueous solution is 


Ne et brea Nereis UNYDr Br 
NeBri te Ne <-> . 3N,)'+, Br, 


. 307,308 
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The equilibrium is rapidly established, and the bromine azide~azide ion reac- 
tion determines the overall rate. The reaction is strongly catalyzed by thio- 
sulphate or tetrathionate, though these ions are oxidized to sulphate while the 
reaction proceeds. The ratio (moles of bromine consumed)/(moles of thio- 
sulphate or tetrathionate oxidized) increases up to 110 with increasing dilution 
of thiosulphate or tetrathionate, suggesting a chain reaction involving the ion 
SOapirere | 

The kinetics of the dark reaction between bromine and nitrite ion in 
aqueous solution between 0° and 40° indicate that the reaction proceeds by 
two independent mechanisms, both of the first order with respect to the con- 


contration of bromine, but of orders one and two with respect to the nitrite ion 
312 


concentration. The suggested mechanisms are 
Brita Ne. DBO, (fast) 
then either Br,NOj + H,O -—> NO} + 2H* + 2Br° (slow) 
or BroNQ@..-+ NO; ue (NO Br ati Bis : (fast) 


(NO,),Br” + H,O ->» HNO, + Ht + NO} + Br (slow) 


The environmental effects of potassium bromide, sodium bromide, potassium 
nitrate, and sodium nitrate are similar to their effects in the much better-known 
nitritesiodine reaction.*4?, The photochemical reaction between the same 
substances at 0° and 10° has also been studied, using light of wave-lengths » 
4360 A. and 3650 A.**3 The quantum yield, measured as (bromine + tribromide 
ion) disappearing per absorbed quantum, is about 0-2 and is nearly independent 
of experimental conditions. In the photochemical reaction the overall rate is 
entirely determined by the rate of production of bromine atoms by the reaction 


Bry + hv — 2Br + Br 
or Br, -tehy =» Br-+ Br; 


Bromine reacts at room temperature with barium oxide, strontium oxide, 
argentous oxide, bismuth trioxide, cuprous oxide, chromic oxide, vanadium 
dioxide and ceric oxide, giving bromides, oxybromides or bromates.*** The 
reaction with mercuric oxide is described in detail on page 747. Oxides of 
aluminium, iron, zinc, nickel, cupric copper, titanium, selenium, molybdenum 
and tungsten are not attacked. Metal sulphides and bromine usually react to 
give disulphur dibromide and metal bromides.*"* 

Qualitative observations on the bromine=potassium bisulphite reaction in 
aqueous solution show that the speed of the reaction is markedly dependent on 
the hydrogen-ion concentration, being a minimum near the neutral point.** 
Sulphur monoxide reacts rapidly with bromine, forming thionyl bromide.**® 
Bromine and nickel carbonyl react according to the equation**’ 


ICC PCr) <> NI ie 4G). 
The reaction between the liquids proceeds with explosive violence, but their 
vapours diluted with nitrogen or their solutions in carbon tetrachloride react 
quietly. | 
“Bromine vapour at 550—600° reacts with stannous oxide or fluoride:**® 


ZonO +2 BE, > = S00; + Snob 


25nF) + 2Br, >>) SnF  shisnwe, 
Bromine reacts with aqueous solutions..of chlorites mainly according to the 
equation 

2C1O; SB rea ee er ae 
Rather less than the theoretical amount of bromine is consumed in the decom- 
position of the chlorite, however; + bromine appears to catalyze the autodecom- 
- position of the chlorite ion into chlorate and chloride.**® 
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Bromine is reduced to bromide by hydrogen peroxide and bromide is 
simultaneously oxidized to bromine in the same solution; the former reaction 
also involves the liberation of oxygen. The mechanisms of these reactions 
have been investigated in detail,***°*** and the results have been summarized 
by Yost and Russell.**? According to Bray and Livingston, the principal 
reactions are: 

H,O, + 2H* + 2Br° -+ Br, + 2H,O 


and HO. 380-6 eer Oy ta 2H t. 2B. 


When the rates of these reactions are equal, a steady state, in which the net 
result is the catalytic decomposition of hydrogen peroxide, is reached. Under 
these conditions the kinetic equation is reported to be 


~$,[H,0,] = &(H,O](H* 1 [Br] 


Before the steady state is attained, the rates of formation and disappearance 
of bromine are given by 


d m 
, [Br,] = &,[H,0,](H* ](Br7] 


adi Tee? [H,O,] [Br,] 
eae sats aR 


These observations have been interpreted as suggesting the mechanism; 


and 


HO, + HOS Br s HOBr + H.0 (slow) 
H,O, + HOBr eet f.br + HO + 0, (slow) 
H,O + Br, +> H* + Br + HOBr (fast) 


Unfortunately an independent examination of the reaction by Griffith and 
McKeown has led to the conclusion that the steady state in this reaction is 
non-existent;**” the position is therefore at present obscure. 

The photochemical reaction between bromine and hydrogen peroxide in 
aqueous Solution is a chain reaction of quantum yield varying between 2 and 
130 according to the experimental conditions.**°*?* The rate is determined, 
as in the photo-oxidation of nitrite by bromine, by the rate of formation of 
bromine atoms. The mechanism proposed is:** 


Br, + hv -—> 2Br 
or Breit hy. Bry be Br 


(rate-determining) 


BieGsebrr eS), re (fast) 


Br+H,O, -—> HO, + Ht + Br° 


(chain-propa gating) 
HO} eh Bro SeyO, SHS 4 Br te Br 


Br + Br, —- Brj 
Bret Br, Aes Jo Bre eyes (chain-terminating) 
Bree wee (Bt) 

The reaction between bromine and a phosphite appears to be composite, 


oxidation of the H,PO} and HPO; ions proceeding independently with dif- 


ferent, but not widely different, rates:*” 


Br, + H,PO; + H,O -—> H,PO; + 2HBr 
Br, + HPO; +H,O -> HPO; + 2HBr 


Refs. p. 718 
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In this instance the oxidizing agent appears to be molecular bromine and not 
the Br} or BrO” ions.**? The oxidation of hypophosphite by bromine is more 
complex;**° the salient features of this and the analogous oxidation by iodine 
are summarized by Yost and Russell.*** The first oxidation product is phos- 
phite, and further oxidation of this is sufficiently slow to be neglected in 
investigating the reaction whose stoicheiometry is represented by 


H,PO, + Br, + H,O = H,PO, + 2H* + 2Br 


Explanation of the results appears to require the simultaneous oxidation of the 
hypophosphite ion and of a tautomeric or hydrated form of hypophosphorous 
acid (written here, following Yost and Russell,**? as H,PO,). The mechanism 
of the oxidation is then suggested to be: 


H,PO; + Br,+ H,O. + H,PO, + H* + 2Br (slow) 
HePOse = H,PO, (fast) 
H,PO, + H,ot = H,PO, + Ht (slow) 
H,PO, + Br, — H,PO, + 2H* + 2Br + H,O (slow) 


Reinvestigation of this reaction appears desirable. 

The oxidation of hypophosphates to phosphates by bromine is quantitative 
at pH 8, at which hydrogen ion concentration the rate is a maximum.*** Cupric 
ions are catalysts for the reaction only in more alkaline solutions.*** The 
kinetics of this reaction, however, have not been investigated in any detail. 


References 
I Vonnegut, B. & Warren, B. E., J.A.C.S., 1936,58, 2459-61. (3755922) 
2 Sapper, A. & Biltz, W., Z. anorg. Chem., 1931,198, 184-90. (25,4454) 
3 Heuse, W., Z. phys. Chem., 1930,A147,266-74. (24,4200) 
4 Wierl, R., Ann. Phys., 1931,8,521-64. (25,2886) 
5 Lévy, H. A. & Brockway, L.O., J.A.C.S., 1937,59, 1622-5. (31,8377) 


6 Finbak, C. & Hassel, O., Arch. Mat. Naturvidens., 1941,45,No. 3, 8pp. (36,6408) 
7 Gregg, A.H., Hampson, G.C., Jenkins, G.I., Jones, P. L. F. & Sutton, L. E., 
Trans. Faraday Soc., 1937,33,852-74. (31,6547) 


8 Pauling, L. & Huggins, M.L., Z. Krist., 1934,87,205-38. (28,3629) 
9 Pauling, L., The Nature of the Chemical Bond, 2nd. Edn.,Ithaca, 1940. (34,5734) 
10 Schwarz, R. &Kunzer, W., Z. anorg. Chem., 1929,183,376-383. (24, 789) 
Il Clausius, K., Z. Naturforsch., 1947,2b,244. (42,3634) 
12 Lasater, J. A., Cooley, S. D. & Anderson, R.C., J.A.C.S., 1950, 72,1845-6(44,8184) 
13 Biltz, W. &Meisel, K., Z.anorg. Chem., 1931,198, 191-203. (25,4454) 
14 Wells, A. F., J.C.S., 1949,55-67. (43,4910) 
15 Scheffer, F. E. C. & Voogd, M., Rec, Trav. Chim., 1926,45,214-23. (20,1929) 
16 Lautié, R., Bull. Soc. Chim., 1936,[5],3, 1136-9. (30,7005) 
17 Sugden, S., J.C.S., 1924,1177-89. (19, 197) 
18 Desreux, V., Bull. Soc. Chim. Belg., 1935,44,249-87. (30, 344) 
19 Vogel, A.I., J.C.S., 1948,644-54. (43,2590) 
20 Mumford, S. A. &Phillips, J. W.C., J.C.S., 1950, 75-84. (44,9752) 
21 Gopal, R. &Srivastava, T.N., Current Sci., 1948,17,365-6. (43 ,8226) 
22 Steacie, E. W.R.&Johnson, F.M.G., J.A.C.S., 1925,47, 754-62. (19,1215) 
23 Andrade, E.N.dacC., Nature, 1931,128,835. (26, 638) 
24 Furth, R., Proc. Cambr. Phil. Soc., 1941,37, 281-90. (35,7200) 
25 Jatte. G.. Phys. Rev., 1949,75, 184-96. (43,4065) 
26 Braune, H., Basch, R. &Wentzel, W., Z. phys. Chem., 1928,137A, 176-92. (23, 746) 
27 Trautz, M. &Melster, A., Ann. Phys., 1930,.5],7,427-52. (25,2034) 
28 Newton Friend, J. & Hargreaves, W.D., Phil. Mag., 1943,34,643-50. (38,1409) 
29 Bhagwat, W. V., Toshniwal, P.M. &Moghe, V. A., J. Indian Chem. Soc., 
1944,21, 29-31. (39, 235) 
30 Bingham, E.C. &Kinney, P. W., J. Appl. Phys., 1940,11,192-202. (34,3146) 
31 Bingham, E.C., Adams, H. E. & McCauslin, G. R., J.A.C.S., 1941,63,466. (35,2048) 
32 Thomas, L.H., J/.C.S., 1946,573-9. (40,6918) 


33 Bouzat, A.&Leluan, G., Compt. Rend., 1924,178,635-7. (18,1420) 


Z2 PHYSICAL AND CHEMICAL PROPERTIES 


34 Wright, S. LL. &Menzles, A. W. C., TALC, 1930,52,4699-4708, 
35 Jolly, V. G. & Briscoe, H. V.A., J.C.S., 1926,2154-9.. 
36 Fleischmann, R., Naturwiss., 1941,29,485-8. 


Bf alot F. A., v. Rosenberg, G. & Muchlinski, H., Z. Phys.,1922,11,1. 


38 Isnardi, T , Ann. Phys., 1920,61, 264-72. 

39 Baker, H. Be, J2G38.,7 1922; 121, 568-74. 

40 Baker, H. B., J.C. Se 1923, 123, 1223-4, 

4] Baker, H. B., es. 1928, 1051-5. 

42 Lenher, S. & Daniels, F., Proc. Nat. Acad., 1928,14,606-9. 

43 peer S., Nature, 1929,123,907-8. 

44 Smits, A., Swart, E.L., Bruin, P. &Mazee, W.M., Z. Phys. Chem., 
1931, A153, 255-61. 


45 Hinshelwood, C.N., The Kinetics of Chemical Change, Oxford, 1940, 


46 Burnop, V. C.E., die (ss S., 1938,826-9. 

47 Auluck, F.C. & Kothari, D.S., Proc. Cambr. Phil. Soc., 
48 Chowdri, A. G. & Auluck, F.C., Phil. Mag., 1946,37,809-11. 
49 Finkelstein, W., Z. phys. Chem., 1923,105, 10-26. 

50 Latimer, W. M. & Hoenshel, H. D., J.A.C.S., 1926,48, 19-27. 
51 Suhrmann, R. & v. Lude, K., Z. Phys., 1924,29,71-7. 


52 U.S. Bureau of Standards, Selected Values of Chemical Thermodynamic 


Properties. 1949. 
53 Smits, A. &Cannegeiter, D., Z. phys. Chem., 1934,A168,391-410. 
54 Brown, W.G., J.A.C.S., 1932, 54,2394-6. 
50. Schouls, Ce Bull. Sci. Acad. Roy. Belg., 1935,21,396-409. 
56 Gordon, A. R, & Barnes, CG.1. Chemaliysa 1933, 1, 297-307. 
57 Gordon, A. R. & Barnes, C., J. Chem. Phys., 1933,1,692-5. 
58 Eucken, A., Phys. Z., 1929, 30,818-26. 
59 Wohl, K., Z. phys. Chem., 1924, 110, 166-87. 
60 Jellinek, Keg 2+ Onore. Chem., 1926, 152, 16-24. 
61 Bodenstein, M. 22. Elektrochem., 1916, 22, 338. 
62 Newton, R. F. & Eyring, He Prans: Faraday Soc., 1937,33, 73-80. 
63 Halford, R.S., J. Chem. Phys., 1940,8,496-9. 
64 Noyes, W.A., J.A.C.S., 1923,45,1192-5. 
65 Kiess, C. C. &de Bruin, T.L., Bur. Stand. J. Res., 1930,4,667-92. 
66 Moore, C.E., Bur. Stand. Circular, 1949,No. 467. 
67 Finkelnburg, W. & Stern, F., Phys. Rev., 1950,77,303. 
68 Nekrasov, B. V., J. Gen. Chem. UsS.o.tten 1946, 16, 1567-8. 
69 Gaertner, O., Ann. Phys., 1929,15],3,325-32. 
70 Glockler, G. & Calvin, M., J. Glen Phys. 1936,4,492-3. 
71 Piccardi, G., Atti R. yuan Lincei, 1926 [vil pas 566-8. 
72 Sutton, P. P. &Mayer, J.E., J. Chem. Phys., 1935, 3, 20-8. 
73 Sherman, J., Chem. Rev., 1932,11, 94-170. 
74 Blewett, J.P., Phys. Rev., 1936,49,900-3. 
75 Tandon, A.N., Indian J. Phys., 1937,11,99-107. 
76 Helmholz, L. & Mayer, J. Bad eG hem. Phys., 1934,2,245-51. 
77 Born, M., Ber. D. Phys. Gece 1919,21, 679-85. 
78 van Arkel, A. E. & de Boer, ag Hee Physica, 1927,7,12-23. - 
79 Verwey, E. J. U. &de Boer, J. H., Rec. Trav. Chin. 1936,55,431-42. 
80 Mayer, J. E. &Helmholz, L., Z. Phys.. 1932,75, 19-29. 
81 Doty, P.M. & Mayer, J.E., J. Chem. Phys., 1944,12,323-8. 
82 Mulliken, R.S., J. Chem. Phys., 1924,2,782-93. 
83 Badger, R.M., J. Chem. Phys., 1934,2,128-131. 
84. Douglas-Clark, C.H. &Stoves, J. ieee Phil, Mag., 1936,22,1137-57. 
85 (on ee H. A., Trans. Faraday Soc., 1945,41,645-62. 
86 Gordy, W., Phys. Rev., 1946,69,130-1. _ 
87 Linnett, nf W., Quart. Rev. Chem. Soc., 1947,1,73-90. 
88 Shimanouchi, T., J. Chem. Phys., 1949, 17, 848-51. 
89 Moelwyn-Hughes, BE. A., Physical Chemistry, Cambridge, 1951. 
90 Jellinek, K. & Rudat, AS Z. phys. Chem., 1929,A143, 244-78. 


91 Latimer, W.M., The ‘Oxidation States of "Elements and their Potentials 


in Aqueous Solutions, New York, 1938. 


92 Born, M., Z. Phys., 1920,1,45-8. 


93 Latimer, W.M., The Oxidation States of Elements and their Potentials 


in ee Solutions, 2nd. Edn., New York, 1952. 
94. Latimer, W. M., Pitzer, K.S. &Slansky, C.M., J. Chem. Phys., 
1939,7, 108-11. 


95 Bockris, J.O’M., Quart. Rev. Chem. Soc., 1949,3, 173-80. 


1945,41, 180-3. 


TAO 


(25, 856) 
(20,3602) 
(37,8311) 
(17, 16) 
(14,2110) 
(16,2441) 
(17,2805) 
(23,4118) 
(23, 320) 
(23,4389) 


(25,2613) 
(34,3978) 
(32,7321) 
(40,1368) 
(42,1471) 
(17,3125) 
(20, 696) 
(19,1807) 


(28,5747) 
(26,4251) 
(29,6117) 
(27,3133) 
(27,5627) 
(24, 1553) 
(18,3130) 
(20,2265) 
(11,2421) 
(31,2888) 
(34,4955) 
(17,2235) 
(24,3168) 


(44,2844) 
(41,4687) 
(24, 779) 
(30,6641) 
(21,1753) 
(29,1319) 
(26,5254) 
(30,5877) 
(31,6961) 
(28,4299) 
(14,3582) 
(21,1752) 
(30,7007) 
(26,3968) 
(38,5441) 
(29,613) 
(28,2996) 
(31,1289) 
(40,1707) 
(40,2365) 
(42,1090) 
(44,2295) 


(24, 289) 


(33, 47) 
(14,1247) 


(46,9966) 


(33,2397) 
(43 , 7301) 


720 | BROMINE 


96 Schreiner, E., Z. anorg. Chem., 1924,135,333-69. 
97 Schreiner, E. &Schreiner, E.B., Z. anorg. Chem., 1927,166, 219-24. 
98 Baborovsky, G. & Wagner, A., Z. phys. Chem., 1928,131, 129-33. 
99 Baborovsky, J., Viktorin, O. & Wagner, A., Coll. Czech. Chem. Comm., 
1932,4, 200-12. 

100 Jones, G. & Baeckstr6ém, S., J.A.C.S., 1934,56,1524-8. 

101 Buckley, P.S. & Hartley, H., Phil. Mag., 1929,(71,8,320-41. 

102 MacFarlane, A. & Hartley, H., Phil. Mag., 1932,13,425-43. 

103 Koch, -F.K. V., J.C.S.; 1930; 1551-8. 

104 Pascal, P., Rev. Gén. Sci., 1923,34,388-99. 

105 Broersma, S., J. Chem. Phys., 1949,17,873-82. 

106 Kido, K., Sci. Rep. Tohoku Imp. Univ., 1932,21,149-70. 

107 Klemm, W., Z. anorg. Chem., 1940,244,377-96. 

108 de Mallemann, R. & Gabiano, P., Compt. Rend., 1931,192,278-80. 

109 Ray-Chanduri, D.P., Nature, 1932,130,579-80. 

110 Anderson, A.I., Proc. Phys.Soc., 1928,40,62-70. 

111 Doborzynski, D., Z. Phys., 1930,66,657-8. 

112 Finkelstein, W., Z. phys. Chem., 1926,121,46-64. 

113 Rabinowitch, M., Z. phys. Chem., 1926,119, 79-86. 

114 Bramley, A., J. Franklin Inst., 1930,210,421-3. 

115 Luft, K. F., Z. Phys., 1933,84, 767-82. 

116 Addenbrooke, G.L., Proc. Phys.Soc., 1928,B49,68-70. 

117 Jones, J.H., Proc. Roy. Soc., 1924,105A,650-1. 

118 Addenbrooke, G.L., Phil. Mag., 1926, 71],1,225-43. 

119 Leithe, W., Z. Elektrochem., 1931,37,623-5. 

120 Bottcher, J. F.,Chem.Weekbl., 1945,41,52-5. 

121 Fajans, K.&Joos, G., Z. Phys., 1924,23, 1-46. 

122 Pauling, L., Proc. Roy. Soc., 1927,A114,181-211. 

123 Havelock, T. A., Phil. Mag., 1927,[7],3, 158-76. 

124 Calthrop, J. E., Phil. Mag., 1924,47, 772-9. 

125 Hund, F., Z. Phys., 1925,32, 1-18. 

126 Born, M. & Heisenberg, W., Z. Phys., 1924,23,388-410. 

127 Aston, F.W., Nature, 1920,105,547. 

128 Moles, E., J. Chim. Phys., 1921,19,135-8. 

129 Baxter, G.P., J.A.C.S., 1922,44,595-600. 

130 Honigschmid, O. & Zintl, E., Ann., 1923,433,201-30. 

131 Robinson, P. L. & Briscoe, H. V..A., J.C.S., 1925,127, 138-50. 

132 Moles, E., Z. phys. Chem., 1925,115,61-90. 

133 Hartbeck, P. &Striebel, H., Z. anorg. Chem., 1930,194, 299-304. 

134 McAlpine, R.K.&Bird, E.J., J-A.C.S., 1941,63,2960-5. 

135 Aston, F. W., Proc. Roy. Soc., 1931,A132,487-498. 

136 Urey, H.C. & Greiff, L. J., J.A.C.S., 1935,57,321-7. 

137 Urey, H.C., J.C.S., 1947,562-81. 

138 Brown, H., Phys. Rev., 1940,57,242-3. 

139 Deshmukh, G. S. &Sirsikar, S., J.A.C.S., 1948,70,3924. 


22 


(18,3305) 
(22, 900) 
(22,1517) 


(26,4745) 
(28,5346) 
(24,2381) 
(26,3427) 
(24,5574) 
(17,3447) 
(44,4736) 
(26,3968) 


(35,4255) - 


(25,2887) 
(27, 227) 


(28, 386) 


(18,2995) 
(20,1342) 
(26, 80) 
(40, 782) 
(18,2103) 
(21,1925) 
(21,1058) 
(18,1944) 
(19,1985) 
(18,2837) 
(14,3014) 
(16,3561) 
(16,1343) 
(18, 771) 
(19,1512) 
(19,1358) 
(25,1715) 
(36, 303) 
(25,5619) 
(29,2842) 
(41,5777) 
(34,3550) 
(43,2085) 


140 Deshmukh, G.S. & Sirsikar, S., Proc. Nat. Inst. Sci. India, 1948,14, 157-6243 ,3730) 


14] Visvanathan, K.S.& Raghavan, V.S., Proc. Indian Acad. Sci., 
1949 ,29A, 98-106. 
142 Mayer, H., Bull. Fac. Stiinte Cernauti, 1928,2,65-83. 
143 Sen, B.N., Current Sci., 1941,10,22-3. 
144 Rao, M.R., J. Chem. Phys., 1941,9,682-5. 


145 Mackenzie, J. E. & Melville, H. W., Proc. Roy. Soc. Edin. ,1932,52,337-44. 


146 Planovskii, A. N. &Kafarov, V. V., Khim. Prom., 1944,No. 8,19. 
147 Chakravarti, A.S., J. Indian Chem. Soc., 1940,17,205-9, 

148 Shur, I. & Yanus, R., Phys. Z. Sowjetunion, 1935,7,501-6. 

149 Shur, Y., Uspekhi Fiz. Nauk., 1938,20,410-46. 

150 Znamenskii, A. V., Sbornik Nauch., 1940,10,3-43. 

151 Audsley, A.&Goss, F.R., J/.C.S., 1941,864-73. 

152 Wisniewski, F. J. V., Z. Phys., 1927,44,392-5. 

153 Anantakrishnan, S. V., Proc. Indian Acad. Sci., 1945,21A,1790-8. 
154 Theilacker, W., Z. Naturforsch., 1948,3b, 233-7. 

155 Trautz, M. & Triebel, E., J. prakt. Chem., 1927,116,205-28. 

156 Trombe, F’. & Fox, M., Compt. Rend., 1943,216,342-4. 

157 Riedel, L., Z. Elektrochem., 1949,53,222-8. 

158 Telong, M.S., J. Indian Chem. Soc., 1942,19,366-368. 

159 Bayliss, N.S., J.A.C.S., 1937,59,444-7. 

160 de Carvalho, H.G., AnAcad. Brasil Cienc., 1948,20,75-94. 


(43,7322) 
(23,5407) 
(35,3494) 
(35,7253) 
(26, 5804) 
(40, 2048) 
(34,6145) 
(29,6116) 
(34,1216) 
(37,2233) 
(36,2770) 
(21,3504) 
(40, 510) 
(43,3252) 
(21,3146) 
(38,2554) 
(44,1294) © 
(37,2236) 
(31,3375) 
(42,7589) 


22 | PHYSICAL AND CHEMICAL PROPERTIES 


161 Mérigoux, R., J. Phys. Radium, 1948,9,236-44. 

162 Spencer, H. M. & Justice, J.L., J.A.C.S., 1934,56, 2311-2. 

163 Eastman, E.D., Chem. Rev., 1936,18, 257-74. 

164 Henglein, F. A., Z. Phys., 1922,12,245-52. 

165 Braune, H., Z. anorg. Chem., 1920,111, 109-47. 

166 Cox, R.R.S., Proc. Cambor. Phil. Soc., 1923,21,541-51. 

167 de Vries, T. & Rodebush, W.H., J.A.C.S., 1927,49,656-65. 

168 Gaydon, A.G., Dissociation Energies, 2nd. Edn., London, 1953. 
169 Matthews, E., Trans. Faraday Soc., 1929,25,41-3. 

170 Ludlam, E. B., Proc. Roy. Soc. Edin., 1924,44,197-201. 

171 Lewis, B. & Rideal, E. K., J.C.S., 1926,583-96. 

172 Brown, E.& Chapman, D.L., J.C.S., 1928,560-3. 

173 Kistiakowsky, G. B., J.A.C.S., 1929,51, 1395. 

174 Smith, W., Ritchie, M. & Ludlam, E. B., J.C.S., 1937,1680-90. 
175 Schwab, G.-M., Z. phys. Chem., 1934,B27,452-9. 

176 Bodenstein, M. & Litkemeyer, H., Z. phys. Chem., 1924,114, 208-36. 
177 Bodenstein, M., Z. Elektrochem., 1924,30,416-7. 

178 Polanyi, M., Z. Phys., 1920,1,337-44. 

179 Frenkel, J. & Semenoff, N., Z. Phys., 1928,48,216-30. 

180 Fowler, R. H.&Rideal, E.K., Proc. Roy. Soc., 1927,A113,570-84. 
181 Careri, G., Nuovo Cimento, 1949,6,94-107. 

182 Careri, G., Nuovo Cimento, 1950,7,155-8. 

183 Bodenstein, M., Sitz. Preuss. Akad. Wiss., 1926,No. 13,104-14. 


184 Rabinowitch, E. & Lehmann, H.L., Trans. Faraday Soc., 1935,31,689. 


185 Rabinowitch, E. & Wood, W.C., Trans. Faraday Soc., 1936,32,907-17. 

186 Rabinowitch, E., Trans. Faraday Soc., 1937,33, 283-83. 

187 Hilferding, K. &Steiner, W., Z. phys. Chem., 1935,B30,399-439. 

188 Wigner, E.P., J. Chem. Phys., 1939,7,646-52. 

189 Rice, O.K., J. Chem. Phys., 1941,9, 258-62. 

190 Kondrat’ev, V. & Leipunskii, A., Z. Phys., 1929,56,353-61. 

191 Kondrat’ev, V., J. Phys. Chem. U.S.S.R., 1932,3,383-9. 

192 Kondrat’ev, V. & Leipunskii, A., Trans. Faraday Soc., 1929,25,736-7. 

193 Semenoff, N., Chemical Kinetics and Chain Reactions, Oxford, 1935. 

194 Herzfeld, K. F., Ann. Phys., 1919,59,635-677. 

195 Polanyi, M., Z. Elektrochem., 1920,26,49-54. 

196 Christiansen, J. A., Kgl. Dansk. Videns., 1919,No. 14, 1-19. 

197 Jost, I. W. & Jung, G., Z. phys. Chem., 1929, B3,83-94. 

198 Bodenstein, M., Jost, W. &Jung, G., J.C.S., 1929,1153-8. 

199 Lewis, B. &Rideal, E.K., J.A.C.S., 1926,48, 2553-64. 

200 Bodenstein, M. & Jost, W., J.A.C.S., 1927,49, 1416-8. 

201 Lind, S.C., J. Phys. Chem., 1924,28,55-8. 

202 Jost, W., Z. phys. Chem., 1928,134,92-6. 

203 Briers, F. & Chapman, D.L., J.C.S., 1928,1802-11. 

204 Ritchie, M., Proc. Roy. Soc., 1934,A146,828-48. 

205 Chapman, D.L.&Gibbs, F. B., Nature, 1931,127,854. 

206 Kokochashvili, V.I., Zhur. Fiz. Khim., 1950,24, 268-71. 

207 Bach, F., Bonhoeffer, K. F. & Moelwyn-Hughes, E. A., Z. phys. Chem., 
1934, B27, 71-8. 

208 Skrabal, A., Ann. Phys., 1927,82,138-42. 

209 Eyring, H. & Polanyi, M., Z. phys. Chem., 1931,B12, 279-311. 

210 Wegscheider, R., Monatsh., 1929,51, 285-324. 

211 Golden, S., J. Chem. Phys., 1949,17,620-30. 

212 Skrabal, A., Monatsh. 1949,80,21-57. 

213 Matsen, F. A. & Franklin, J.L., J.A.C.S., 1950,72,3337-41. 

214 Sagulin, A. B., Z. phys. Chem., 1928,B1, 275-91. 

215 Sagulin, A. B., J. Phys. Chem. U.S.S.R., 1933,4,92-103. 

216 Kokochashvili, V., J. Phys. Chem. U.S.S.R., 1949,23, 15-20. 

217 Jones, G. & Baeckstroém, S., J.A.C.S., 1934,56,1517-24. 

218 Liebhafsky, H.A., J.A.C.S., 1934,56, 1500-5. 

219 Hagisawa, H., Bull. Inst. Phys. Chem. Res. Tokyo, 1942,21,593-6. 

220 Liebhafsky, H.A., J.A.C.S., 1939,61,3513-9. 

221 Manchot, W. &Oberhauser, F., Z. anorg. Chem., 1924,139, 40-50. 

222 Jander, G. &Feit, H., Z.anorg. Chem., 1924,136,305-12. 

223 Rhodes, F. H. & Bascom, C.H., Ind. Eng. Chem., 1927,19, 480-1. 

224 Pagel, H. A. &Carlson, W. W., J. Phys. Chem., 1936,40,613-7. 

225 Harris, I. W. H., J.C.S., 1932,582-5. 

226 d’Ans, J. &HOfer, P., Angew. Chem., 1934,47,71-4. 

227 Jones, G. &Kaplan, B.B., J.A.C.S., 1928,50, 1600-3. 


ean 


(43,8794) 
(29, 654) 
(29,5112) 
(17,1357) 
(14,3344) 
(17,3126) 
(27,1399) 


(23,2660) 
(19,3222) 
(20,2123) 
(22,2091) 
(23,3140) 
(32,1184) 
(29 2450) 
(19,2453) 
(19,1218) 
(14,2288) 
(22, 2708) 
(21,1047) 
(43,7797) 
(44,7128) 
(20,3621) 
(29,4246) 
(30 ,5862) 
(31,2911) 


— (30,2471) 


(33,8091) 
(35,3149) 
(23,5094) 
(27,1790) 
(24,1026) 
(29,1706) 
(15,1440) 
(14,1242) 
(14,1085) 
(23,3407) 
(24,1033) 
(2104-12) 
(21,2624) 
(18, 930) 
(22,3583) 
(22,4378) 
(29, 50) 
(25,4469) 
(44,6707) 


(29, 668) 
(21,3525) 
(25,3548) 
(24,5629) 
(43,8816) 
(43,5266) 


(44, 10470) 


(23, 938) 
(27,3334) 
(43 ,4084) 
(28,5318) 
(28,5318) 
(43,7799) 
(34, 929) 
(19, 793) 
(18,3015) 
(21,1915) 
(30,4761) 
(26,3174) 
(28,2285) 
(22,2857) 


PLL PHYSICAL AND CHEMICAL PROPERTIES 22 


228 v. Stackelberg, M., GOtzen, O., Pietuchovsky, J 4 Witscher, O., Frihbuss, H. 


and Meinhold, W., Fortschr. Min., 1947,26,122-4, (44,9846) 
229 Pearce, J.N. &O’Leary, J. V., Proc. lowa Acad. Sci., 1923,30,379-85. (18,2833) 
230 Hlasko, M., Issy Zjazd Chem. Polsk., 1923,49. (18, 930) 
23d Harris, 1. W.H., J-C.S., 1932, 2709=+13: (27, 474) 


232 Griffith, R.O., McKeown, A.& Winn, A.G., Trans, Faraday Soc., 

1932,28,101-7. (26, 2638) 
233 Oliveri-Mandala, E., Gazz. Chim. Ital., 1920,50,89-98. (15;1112) 
234 Bloch, R., Farkas, L., Schnerb, J. & Winogron, F., J. Phys. Coll. Chem., 

1949,53,1117-25. (44,1787) 
235 Chattaway, F. D. & Hoyle, G., J.C.S., 1923,123,654-62. (17,1949) 
236 Sherrill, M.S. &Izard, E. F., J.A.C.S., 1928,50, 1665-75. . (22,2870) 
237 Ewell, R.H., Harrison, J. M. & Berg, L., Jnd. Eng. Chem., 1944,36,871-5. (39,6134) 
238 Reyerson, L.H.&Cameron, A.E., J. Phys. Chem., 1935,39, 181-190. (29 3894) 


239 Wheat, J. A.& Browne, A. W., J.A.C.S., 1936,58, 2410-13. (31, 935) 
240 Biltz, W.&Jeep, K., Z. anorg. Chem., 1927,162,32-48. (21,3301) 
241 Spicer, W.M. &Kruger, J., J.A.C.S., 1950,72, 1855-6. (44,5796) 
242 Sameshima, J. & Hiramatsu, T., Bull. Chem. Soc. Japan, 1934,9,260-2. (28,5743) 
243 Biltz, W. &Meinecke, E., Z. anorg. Chem., 1923,131, 1-21. (18, 795) 
244 McIntosh, D., J.A.C.S., 1911,33,71-5. GS; 7884) 
245 Bruns, B.P., Z. anorg. Chem., 1927,163, 120-36. (21,3298) 


246 Plotnikov, V. A. & Mikhailovs’kaya, V.I., Mem. Inst. Chem. Acad. Sci. U.S.S.R 
1938,5,375-83. (833520) 

247 Plotnikov, V. A. & Mikhailovs’kaya, V.I., Zapiski Inst. Khim. U.R.S.R., 
1940,7,No. 1,85-90. (35,2798) 


248 Finkelstein, W., Z. phys. Chem., 1926,121,46-64. (20,3377) 
249 Finkelstein, W. &Kudra, O., Z. phys. Chem., 1928,131,338-46. (22,1527) 
250 Liberatore, L.C. & Wiig, E..0., J. Chem. Phys., 1940,8, 165-70. (34,1566) 
251 Libby, W.F., J. Chem. Phys., 1940,8,348. (34,3567) 
252 Dodgen, H. W. & Libby, W. F., J. Chem. Phys., 1949,17,951-7. (44,2341) 
253 Jacobson, H., J. Chem. Phys., 1950,18,994. (44,7628) 
254 Polesitskii, A., Compt. Rend. Acad. Sci. U.R.S.S., 1939,24, 668. (34,1902) 


255 Grinberg, A. A. & Filinov, F.M., Compt. Rend. Acad. Sci. U.R.S.S., 
1939,23,912-4. (34,1246) 


256 Grinberg, A. A., Bull. Acad. Sci. U.R.S.S., 1940,4,342-9. (35,3895) 
257 Shvedov, V.P., J. Gen. Chem. U.S.S.R., 1947,17,27-32. (42, 51) 
258 Hodges, J. H. &Miceli, A.S., J. Chem. Phys., 1941,9,725. (35,7284) 
259 Wilson, J. N. & Dickinson, R.G., J.A.C.S., 1939,61,3519-20. (34, 941) 
260 Muxart, R., Compt. Rend., 1947,224,1107-8. (41,4729) 


261 Priest, S., Muxart, R., Daudel, P. & Daudel, R., Experientia, 1947,3,239. (42,8633) 
262 Polesitskii, A., Yaskchenko, M. & Baranchik, N., Compt. Rend. Acad. 
: Sci. U.R.S.S., 1943,34,83-7. (37,2627) 
263 Finkelshtein, V.S. & Ashkinazi, M.S., J. Gen. Chem. U.S.S.R., 
193 2,2, 790-9. (27,2616) 
264 Shatenstein, A. I. & Viktorov, M.M., Acta Physicochem., U.R.S.S., 
1937,7,883-98., (32,7801) 
265 Butler, K.H.&MclIntosh, D., Trans. Roy. Soc. Canada, 1927,21,Sect.3, 19(22, 2087) 


266 Firth, J.B., J/.C.S., 1920,117, 1602-3. (15,1382) 
267 Bosshard, E. & Jaag, E., Helv. Chim. Acta, 1929,12,105-13. (23,3143) 
268 Cameron, A. E. & Reyerson, L.H., J. Phys. Chem., 1935,39, 169-79. (29,3894) 
269 Juza, R., Langheim, R.&Hahn, H., Angew. Chem., 1938,51,354-7. (32,6524) 
270 Trividic, J., Rev. Gén. Coll., 1929,7,14-22. (23,3613) 
271 Trividic, J., Rev. Gén. Coll., 1929,7, 118-23. (23,4121) 
272 Kolthoff, I.M., Rec. Trav. Chim., 1929,48, 291-7. (23 ,2867) 
273 P’yankov, V.A., J. Appl. Chem. U.S.S.R., 1935,8,238-44. (29,8247) 
274 Reyerson, L. H. & Cameron, A.E., J. Phys. Chem., 1936,40, 233-7. (30,3296) 
275 Schwab, G. M. & Karkalos, B., Z. Elektrochem., 1941,47,345-53. (35,6854) 
276 Rudorff, W., Z. anorg. Chem., 1941,245,383-90. (36, 15) 
277 Juza, R., Libbe, H. &Heinlein, L., Z. anorg. Chem., 1949,258,105-20. (43,6038) 
278 Juza, R., Chem. Zig., 1950,74,55-7. (44,6700) 
279 Goldsmith, M., J. Chem. Phys., 1950,18,523-5. (44,9201) 
280 Waters, W.A., The Chemistry of Free Radicals, 2nd. Edn.,,Oxford, 1948. (42,5922) 
281 Altschul, R. & Bartlett, P.D., J. Org. Chem., 1940,5,623-36. (35, 960) 
282 Derbyshire, D..H. & Waters, W. A., oe 1949 ,164, 446-7. (44, 966) 
283 Gouda-Hunwald, K., Graf, G.&Korosy, F., Nature, 1950,166,68-9. (44,9776) 


284 Ushakov, M.1., Chistov, V. O. & Zelinskil, N.D., Ber., 1935,68B, 824-30. (29,4686) 
285 Boehm, E. & Bonhoeffer, K. F., Z. phys. Chem., 1926,119,385-99. (20 ,3645) 


22 BROMINE 


286 Harteck, P., Trans. Faraday Soc., 1934,30, 134-41. 

287 Spinks, J. W. T., Nature, 1931,128,548. 

288 Mungen, R. &Spinks, J. W. T., Canad. J. Res., 1940,18B,363-71. 
289 Spinks, J. W.T., J.A.C.S., 1933,55,428-9. 

290 Yost, D.M. & Hatcher, J.B., J-A.C.S., 1931,53, 2549-53. 

291 Damiens, A., Compt. Rend., 1921, 173, 300-3. 


UP: 


(28,2270) 
(26, 378) 
(35, 692) 
(27, 905) 
(25,4752) 
(16, 32) 


292 Voznesenskil, S. A. & Tzuinn, I. M., J. Gen. Chem. U.S.S.R.,1932,2,502-3427, 655) 


293 Kading, H. & Riehl, N., Naturwiss.. 1933,21,479. 

294 Staudinger, H., Z. angew. Chem., 1922,35,657-9. 

295 v. Hartel, H. & Polanyi, Mew Ze phys. Chem., 1930,B11,97-138. 

296 Ootuka, H., Z. phys. Chem., 1930,B7,407-22. 

297 Denisoff, A. K. & Richardson, O. W., Proc. Roy. Soc., 

298 Weiner, R., Arch. Metallkde., 1947,1,281-4. 

299 Hackspill, L. & Ruffin, Chim. et Ind., 1925,Special No. ,Sept. ,326-7. 

300 Raynaud, A., Compt. Rend., 1925,181, 1069-71. 

301 Hodges, E. R., Chem. News, 1921,123,141. 

302 Trotman-Dickenson, A. F. & James, E.J.F., J.C.S., 

303 Urmston, J. & Badger, R.M., J.A.C.S., 1934,56,343-7. 

304 Nogareda, C., An. Soc. Espaft. Fis. Quim., 1934, 32,567-90. 

305 Montignie, E., Bull. Soc. Chim., 1935,|5],2,625-6. 

306 Perret, A. & Perrot, R,, Compt, Rend.. 1935:200, 2166-8. 

307 Krauss, W., Z. phys. Chem, 1936, A175, 295-303. 

s0atplair,.CrM., Brass, Pi Dd; Yost; Di M.5 J.AsG.S., 

309 Kiss, A., Rec. Trav. Chim., 1923,42,112-44. 

310 Spencer, D.A., J.C.S., 1925,127,216-24. 

311 Griffith, R. O. &Irving, R., Trans. Faraday Soc., 1949,45,563-75. 

312 Clarkson, L.S., Griffith, R. O. & McKeown, A., Trans. Faraday Soc., 
1938,34, 1274-82. 

313 Callow, A. E., Griffith, R. O. & McKeown, A., Trans. Faraday Soc., 
1939,35,559-68. 


1934,145A, 18-51. 


1947, 736-8. 


1934, 56, 1916-8. 


314 Montignie, E., Bull. Soc. Chim., 1942,9,654-8. 

315 von Halban, H. & Hisner, E., Helv. Chim. Acta, 1935,18,724-33. 

316 Schenk, P.W., Z. anorg. Chem., 1937,233,385-400. 

317 Blanchard, A. A. & Gilliland, W.L., J.A.C.S., 1926,48,872-82. 

318 Forbes, G.S. & Anderson, H.H., J.A.C.S., 1945,67,1911-14. 

319 Levi, G.R.& Tabet, M., Gazz. Chim. Ital., 1935,65, 1138-44. 

320 Cueilleron, J., Compt. Rend., 1943,217, 112-3. 

321 Bray, W.C. &Livingston, R.S., J.A.C.S., 1923,45, 1251-71. 

322 Livingston, R.S.& Bray, W.C., J.A.C.S., 1923,45, 2048-58. 

323 Livingston, R.S., J.A.C.S., 1926,48,53-8. 

324 Christiansen, J. A., Z. phys. Chem., 1927,128,430-8. 

325 Bray, W.C. &Livingston, R.S., J.A.C.S., 1928,50,1654-65. 

326 Livingston, R.S. &Schoeld, E.A., J.A.C.S., 1936,58, 1244-6. 

327 Griffith, R. O. & McKeown, A., J.A.C.S., 1936,58, 2555-8. 

328 Callow, A.E., Griffith, R. O.& McKeown, A., Trans. Faraday Soc., 

1939,35,412-20. 

329 Griffith, R. O. & McKeown, A., Trans. Faraday Soc., 1933,29,611-8. 

330 Griffith, R.O.&McKeown, A., Trans. Faraday Soc., 1934,30,530-9. 

331 Blaser, B. & Halpern, P., Z. anorg. Chem., 1933,215, 33-43. 

332 Yost, D. M. & Russell, R., Systematic Inorganic Chemistry of the Fifth 
& Sixth Groups of Nonmetallic Elements, New York, 1944. 

' 333 Milobedzki, T. & Krakowiecki, S., Roczn. Chem., 1928,8,563-7. 

334 Milobedzki, T. & Krakowiecki, S.,-Roczn. Chem., 1930,10,158-95. 

335 Renc, A., Roczn. Chem., 1933,13,569-77. 

336 Fanelli, R., Ind. Eng. Chem., 1946,38,39-43. 

337 Blackburn, W.E., J. Appl. Phys., 1948,19,51-4. 

338 Kalandyk, S., Acta Phys. Polonica, 1934,3,165-78. 

339 Simons, J. H. & Glasser, J., J. Chem. Phys., 1940,8,547-50. 

340 Nernst, W., Z. Elektrochem., 1919,24,335-6. 

341 Tamman, G. &Krige, G.J.R., Z. anorg. Chem., 

342 Bell, R.P.&Gelles, E., /.C.S., 1951,2734-40. 

343 Carlsohn, H., Ber., 1935,68B, 2209-11. 

344, Carlsohn, H., Ber., 1935,68B,2212-14. 

345 Birkenbach, L. & Goubeau, J., Ber., 1932,65B,395-400. 

346 Henne, A. L. & Zimmer, W.F., J/.A.C.S., 1951,73, 1362-3. 

347 Haszeldine, R.N.&Sharpe, A.G., J/.C.S., 1952,993-100 1. 

348 Spinks, J. W. T., Chem. Rev., 1940,26,129-39. 


1925,146,179-95. 


(27,5647) 
(17,1146) 
(25,1726) 
(24,3689) 
(28 ,5339) 
(42,6304) 
(20, 647) 
(20,1184) 
(16, 214) 
(42, 21) 
(28,1603) 
(28,6051) 
(29,4281) 
(29,5728) 
(30,2469) 
(28,7124) 
(17,3636) 
(19,1106) 
(43,7799) 


(33,1200) 


(33,5292) 
(37,6575) 
(29,6822) 
(32, 72) 
(20,1570) 
(40, 287) 
(30,5137) 
(38,5722) 
(17,2220) 
(17,3442) 
(20, 860) 
(33, U2) 
(22,2869) 
(30,7041) 
(31,1296) 


(33,4130) 
(27,3659) 
(28 ,6613) 
(28,1294) 


(38 3566) 
(23,1833) 
(24,2391) 
(28,5771) 
(40, 784) 
(42,1776) 
(29,3591) 
(34,5759) 
(14, 381) 
(19,3200) 
(46,2381) 
(30,1317) 
(30,1317) 
(26,3198) 
(45,9459) 
(46,9005) 
(34,2711) 


SECTION XXIII 


THE PREP ARATION OF HYDROGEN BROMIDE 
AND HYDROBROMIC ACID 


By A.A. WOOLF 


The kinetics of the thermal and photochemical reactions between hydrogen 
and bromine have been described on page 706. On an industrial scale, 
hydrogen bromide and hydrobromic acid are almost invariably obtained from 
hydrogen and bromine: the gases combine in the presence of a carbon catalyst 
at temperatures between 150° and 600° (widely different temperatures appear to 
have been used successfully).*° Ferric oxide has been used for activation of 
the catalyst.” In one process,° hydrogen is passed through liquid bromine at 
37-42°, and the resulting mixture of gases is burned: on a carbon or porcelain 
surface the temperature of which is maintained by the heat liberated; the 
resulting gases are partially cooled, passed over active charcoal at 150-200; 
and absorbed in water. Catalysts are not essential so long as the temperature 
is high enough; the chief difficulty is to avoid, on the one hand explosive 
combination or, on the other hand, the spontaneous extinction of the hydrogen= 
bromine flame. 

In the catalysis of the reaction by charcoal, the basal planes of the 
graphite crystal appear to be active:®* at 150°, 100 carbon atoms in the sur- 
face will effect the formation of about 20 molecules of hydrogen bromide per 
hour.® Catalysts prepared by heating at 1300° and 3000° are equally effective 
at 150°.© Other catalysts, including copper, chromic oxide, aluminium, iron, 
magnesium oxide, calcium bromide and platinized asbestos, have also been 
used.” 

In the laboratory, anhydrous hydrogen bromide may be prepared by bubbling 
hydrogen through bromine at 38°, and passing the vapours through a combustion 
tube maintained at a dull red heat.** In another essentially similar method, 
platinized silica gel at 375° is used as a catalyst.*° The former method has 
been applied to the preparation of deuterium bromide from deuterium and 
bromine.*? For the preparation of anhydrous hydrogen bromide from a bromide, 
phosphoric acids are valuable reagents;7**” in one method, syrupy phosphoric 
acid is added to a mixture of sodium bromide and phosphorus pentoxide, and 
the gas is dried with calcium bromide.” | 

Other convenient laboratory methods of preparation make use of the inter- 
action of bromine and hydrocarbons: naphthalene,** petroleum (in the presence 
of aluminium bromide as a catalyst),’* or tetrahydronaphthalene***® may be 
used. Tetrahydronaphthalene (dried by passing dry air through the liquid for 
30 mins.) and bromine react steadily at room temperature; any bromine present 
in the hydrogen bromide is removed by passing the gas through more tetra- 
hydronaphthalene.** Such methods necessarily involve the loss of half of the 
bromine taken, owing to bromination of the hydrocarbon; the yields, however, 
are as high as 94% of the calculated value. 

Aqueous solutions of hydrogen bromide may be made either directly from 
the gas or by interaction of bromine with water or steam in the presence of 
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charcoal.’”*? Hydrogenation of bromine water with a platinum catalyst yields 
hydrobromic acid quantitatively.*° A strong solution of hydrobromic acid, 
substantially free from bromine, is said to be formed by heating a concentrated 
solution of sodium bromide with concentrated sulphuric acid.** Constant 
boiling point hydrobromic acid is prepared from potassium bromide (120 g.), 
water (200 ml.) and concentrated sulphuric acid (90 ml. -). During the addition 
of the acid, the temperature should remain below 75° to avoid liberation of 
bromine; after cooling to room temperature and filtering off potassium bisul- 
phate, the solution is distilled, the fraction boiling at 125 + 1° under 760 mm. 
pressure being collected.?*** In an alternative procedure, a little stannous 
chloride is added to the mixture of potassium bromide amd dilute sulphwic 
acid; after allowing it to stand overnight, the solution is decanted from the 
bisulphate and distilled.” 

Hydrogen bromide or hydrobromic acid may be obtained by combining bro- 
mine and sulphur and hydrolyzing the product with water or superheated 
steam.”*** The stoicheiometry of this process is expressed by the equation: 


Nearly anhydrous hydrogen bromide may also be obtained by a modification of 
Scott’s classical ‘procedure (Mellor, II, 168): interaction of bromine and water 
in excess of liquid sulphur dioxide.” The decomposition of cadmium bromide 
by hydrogen sulphide at 500° has also been investigated; at this temperature 
the yield is 89%:°*° 


CdBr, + H,S = CdS + 2HBr. 


Deuterium bromide has been made from heavy water and phosphorus tribromide’ 

Hydrogen bromide is best purified by fractional distillation or condensa-~ 
tion.**** It cannot be dried with concentrated sulphuric acid, and the use of 
phosphorus pentoxide appears undesirable owing to the formation of traces of 
bromine and phosphorus oxybromide. 76,3334 The best drying agents are alu- 
minium oxide (prepared by gentle ignition of the hydroxide*’) and the well- 
established calcium bromide. Bromine present in hydrogen bromide is usually 
removed by combination with red phosphorus (Mellor, II, 168), but mercury may 
also be used.*° 
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(42,3690) 
(38,3784) 
(22,3817) 
(22, 902) 
(28,7093) 
(22,3570) 
( 6,2868) 
(42,8603) 


SECTION XXIV 


THE PHYSICAL AND CHEMICAL PROPERTIES 
OF HYDROGEN BROMIDE 


By A.A. WOOLF 
STRUCTURE 


Solid hydrogen bromide is trimorphous, with transition points at 89-75, 
113-62 and 116-86°K.* The first of these corresponds to the 93-50°K. transi- 
tion point for deuterium bromide; the two others replace the 120-2G6° transition 
point in deuterium bromide.* The theoretical aspects of this disappearance of 
a phase on isotopic substitution have been discussed.* These results agree 
with earlier observations” on the heat capacity of solid hydrogen bromide. 

The structures of two forms of hydrogen bromide have been established by 
X-ray analysis.” The face-centered cubic form, with a = 5-76 = 5-78 A., 4 
mols. per unit cell, and a calculated density of 2-76 -2-80, is stable only over 
a very narrow range of temperature (probably between the two higher transition 
points for hydrogen bromide). This fact may account for the failure of other 
workers® to detect its existence. The stable form below 100°K. has a face- 
centered rhombic structure, with a@ = 5-55, b = 5-64, c = 6-06 A., 4 mols. per 
unit cell, and a calculated density of 2-81;? the space group is V’ or V?. 
This structure is nearly isomorphous with that of solid hydrogen iodide, the 
axial ratios being a:b:c 0-985:1:1-075 compared with c:a = 1-075 for the tetra- 
gonal unit cell of the latter compound. The experimentally determined density 
at -195° is 2-90; the molecular volume is 0°K. is estimated to be 27+3 c.c.* 

Analysis of the pure rotational and rotational-vibrational spectra (see also 
page 789) leads to values of* 1-420 and® 1-414 A. respectively for the inter- 
nuclear distance. The force constant of the H=-Br bond is 4.06 x 10° dynes 
cm7',® or, corrected for anharmonicity,’ 3+8 x 107° dynes cm?’ __In the series of 
hydrogen halides the force constants obey the relationship fr? = constant, 
where r is the internuclear distance.’ 

Although hydrogen bromide is a relatively simple molecule, a precise 
description of the bond between the atoms is difficult. An early discussion, 
based on crystallographic and viscosity data, on atomic size led to the con- 
clusion that an ionic structure, HBr, would require the radius of the H 
to be 0:26 A.;® this discussion appears to assume, however, that the Eres 
of the bromide ion is nearly the same as that of the ‘bromine atom - an assump- 
tion now known to be far from true (see page.695). The fact that the ionization 
potential of hydrogen (311 kg.-cal.)is so much greater than the electron affinity 
of bromine (80-5 kg.-cal.) appears to be a conclusive arguement against the 
ionic structure for isolated molecules in the vapour phase. 

Another approach, essentially that of Pauling,®*° is to regard the linkage 
as a single covalent bond with partial ionic character. The observed bond 
energy in hydrogen bromide (derived from the convergence limit of the ultra- 
violet spectrum) is 87°3 kg,-cal. mole™*; the mean value of the H-H in H, and 
Br-Br in Br, bond energies is only 74-7 kg.-cal.mole™. These data are inter- 
preted by Pauling®*® as indicating that the H~Br bond has about 11% ionic 
character. This estimate appears to agree well with that made from the 
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observed dipole moment of 0-80 Debye units;** a structure H*Br” would have 
a moment r x e, where r = internuclear distance and e = charge on the electron, 
i.e., about 6-7 Debye units. Theoretical and mathematical discussions have 
been given of the semi-empirical calculation of the bond moment from the 
‘energies of idealized covalent and ionic bonds;*? the effect of ionic-covalent 
and single-double bond resonance on the force constant in the vapour phase 
and in non-ionizing solvents;’* and the relation of potential energy to the 
polarizability, the electron affinity of bromine, and the internuclear distance.** 


SURFACE TENSION, DENSITY AND VISCOSITY 


A redetermination of the density and surface tension of liquid hydrogen 
bromide (by the capillary rise method)® gave the values recorded in Table I. 


TABLE I.- DENSITY AND SURFACE TENSION 
OF LIQUID HYDROGEN BROMIDE 


—67-1 —60-0 


ECs 
y (dynes cm7?) 27-07 22.54 
d (g. C.c.”) 71% 3.238 


From these data the parachor was evaluated as 81°5. The coefficient of 
thermal expansion is 0-002119, the temperature coefficient of surface tension 
is 0-2085 dyne cm:* deg<*, and the Ramsay-Shields constant is 1-91; the last 
quantity indicates that the liquid is no more than slightly associated.** The 
surface tension of solutions of hydrobromic acid decreases with increasing 
concentration,*® but detailed results have not been given. 

The viscosity of gaseous hydrogen bromide is 1°835 + 0:0027 x 10°*c.g.s. 
units at 18*7° and 2-365 + 0-0019 x 10°* c.g.s. units at 100-2°%'7 Sutherland’s 
constant for the gas is 375.*7 The viscosity (relative to My,0 = 1) at 25° of 
aqueous solutions is given in Table II. 


TABLE II.- VISCOSITY OF AQUEOUS SOLUTIONS OF HYDROGEN BROMIDE 


° 1 
1.0003 1.0007 1.0016 1.0033 1.0165 1.0327 
1-009 1.997 4.021 5:994 8-759 
1-035 1-072 1-172 1-324 1-613 
THERMAL PROPERTIES 


The vapour pressures of liquid and gaseous hydrogen bromide and deu- 
terium bromide are given by the equations:”° 


log p (HBr liq.) = 7-465 ~ 945-7 T™ 
log p (HBr solid) = 8-309 = 1103 T"* 
log p (DBr lig.) = 7-517 = 956-5 T" 
log p (DBr solid) = 8-306 = 1103 T™ 


Slightly different values have been given for the vapour pressure of hydrogen 
bromide by other authors,” who proposed the equations: 


log p (HBr solid) = 7-503 — 2202 T-1*16° 
log p (HBr lig.) = 7+503 — 1037-2 Tn4-0160 


The b.p. of deuterium bromide is identical with that of hydrogen bromide;?° 
the latter quantity is given as 206.3°K.,?° 206.0°K.,74 or 206.38°K.7? The 
m.p. of hydrogen bromide is 186-24°K.;” that of deuterium bromide is 185-62° 
K.7* The triple points are: HBr, 186-24°K.?? or 186-2°K.;?° DBr, 185-7°K.?° 


Concentration’? M, 
Reed 
Concentration,” M. 
7 
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The triple point pressure of deuterium bromide is 232 mm.”® 

The latent heat of fusion of hydrogen bromide, determined calorimetrically, 
is variously given as 6207* and 575:1”? g.-cal.mole™’; the latter value was 
used in the evaluation of the entropy (which agrees very well with the spectro- 
scopic value) and appears therefore to be the more reliable. The value for 
deuterium bromide is 574-2 g.-cal.mole™*.** The latent heat of vaporization 
has been determined as 4210 + 4 g.-cal.mole™’ (calorimetrically)”* and 4405 
g.cal.mole * (from the vapour pressure curve);” the former value is preferred. 
The best values for the entropies of vaporization of hydrogen and deuterium 
bromides are 20-40 and 20-63 g.-cal.deg>* mole™* respectively.”° 

The critical temperatures of hydrogen and deuterium bromides are*”?* 89.8° 
and** 88.8°. The critical pressure of hydrogen bromide is 84 atm.;* this 
value is discussed in a review of critical constants of hydrogen compounds 
isoelectronic with the inert gases.*° The internal pressure at the boiling 
point, calculated from the b.p., molecular volume, and critical constants, is 
2277 atm.””. The thermal conductivity of solid hydrogen bromide, measured in 
the temperature range 78-142 °K., shows a rapid increase at the 89-75 °K. 
transition point.°° The imperfection of hydrogen bromide vapour has been 
considered in a theoretical review by Curtiss and Hirschfelder;** experimental 
results are given in Mellor, II, 175. 

The specific heat of hydrogen bromide has been investigated by Giauque 
and Wiebe”? and by Eucken and Karwat;** their results differ considerably, 
those of the latter authors being rather higher at all temperatures. Since the 
entropy determined from the results of Giauque and Wiebe agrees with that 
determined spectroscopically, their results are preferred; a selection is given 
in Table III. 


TABLE III.- VALUES OF Cp FOR KYDROGEN BROMIDE 


15-72 Tie031 |o135 
30-16 113-37 | 1290 
57-80 114-13 19-32 
80-03 115-76 13-06 
89-23 116-76 | 239 
89-39 116-86 | 860 
89-49 118-99 | 10-79 
89-50 17286 11:91 
89-59 186-24 | m.p. 
90-01 189-93 14-20 
90-91 205-11 14-31 
111-47 206-38 | b.p 


The nature of the transitions associated with the abrupt variations in specific 
heat is not yet firmly established. From the heat changes associated with 
phase transitions and these results, the entropy at the b.p. was evaluated as 
44.9 + 0-1 g.-cal. deg>* mole”; the values calculated from spectroscopic data 
are 47-53 and 44-92 g.-cal. degz*mole™ at 25° C.and the b.p. respectively.”” 

The heat capacity of hydrogen bromide up to 2000 °K., calculated from 
spectroscopic data, is given to within about 3% by the empirical equation” 


Cy = 6:30 + 0001819 T -0-000,000,345 T?. 


The heat capacities of deuterium bromide and deuterium bromide-hydrogen 
bromide mixtures have also been investigated.»* The heat capacity of 
deuterium bromide at any given temperature is a little greater than the corres- 
ponding value for hydrogen bromide;”* representative values are given in 


Table IV. 
Refs. p. 739 


730 HYDROGEN BROMIDE “D4 


TABLE IvV.- VALUES OF Cp FOR DEUTERIUM BROMIDE 


The calorimetrically determined entropy at the b.p. (206-38 °K.) is 46.314 
0.15 g.-cal. deg?* mole™*; that calculated statistically is 46-29 g.-cal. deg’? 


The chemical constant for hydrogen bromide was evaluated from vapour 
pressure and calorimetric data as”? 0-53 + 0-07 or 0-59;*° these values are 
derived from vapour pressures expressed in atmospheres. The zero-point 
energy and heat of sublimation of hydrogen bromide at O°K. have been cal- 
culated, using the experimental data of other workers” as 207 and 5428 g.-cal. 
mole™* respectively.#* 

The value of + 8-6 kg.-cal. mole™* for the heat of formation of gaseous 
hydrogen bromide from liquid bromine and hydrogen (Mellor, II, 177) remains 
very near the best value: the Bureau of Standards selected data for hydrogen 
bromide are*? 


AR® = ~8-66 kg.-cal. mole™ 
AG® = ~12-72 kg.-cal. mole * 
S° = 47-437 g.-cal. deg.* mole™ 


Their value for the heat of formation of hydrobromic acid at infinite dilution 
is + 28-90 kg.-cal. mole™*. Somewhat lower values for the heats of formation 
of the gas (+ 7-84 kg.-cal. mole™*) and the acid at infinite dilution (+ 27-85 
kg.-cal. mole™*) have been reported by Roth,** who also reports that the heat 
of solution does not decrease with increasing dilution. Heats of solution in 
organic solvents, derived from solubility measurements, have been reported 


(see page 734). ‘Partial molal heat capacities in aqueous hydrobromic acid 
have been discussed.°”° 


OPTICAL, MAGNETIC AND ELECTRICAL PROPERTIES 


The molecular refraction of hydrogen bromide, derived from measurements 
of refractive index (Mellor, II, 178) is** 9-14 or** 8.48. In aqueous solution at 
the following dilutions, the molecular rotation is:*” 


% by wt. HBr 4-304 9-422 23.032 48-92 
Rane: 12-18.) 1252p et aco eet 


The change in optical properties on solution in water results from complete 

ionization.°73* Attempts have been made to correlate light scattering by 

gases (including hydrogen bromide) in the visible region with molecular struc- 
39 

ture. 


The dielectric constant of hydrogen bromide obeys the Debye relationship 
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over the temperature range 217-599 ©K.; the dipole moment, calculated from 
the following values,** is 0-80 Debye units.*° 

cp 217-5° 294.4° 338.9° 500. 1e 

€ at 760 mm. 1.00454 1.002796 1.002228 1.000943 


The dipole moment is increased on solution, as is illustrated by the following 
values. 


Solvent Ch n-Gitli: ite 1:4-dioxan 
t 20° Ag” 30° 20° 30° 30° 
pin D. 0-96%% 0.934 1-024? 1,01 141.084? 2-854? 


The high value in dioxan would appear to suggest partial oxonium-salt forma- 
tion. 

The dielectric constants of hydrogen bromide and a number of other gases 
obey the empirical relationship 


c= Symi, rr 


where NV, is the Avogadro number and r the internuclear distance.**45 The 
complex dielectric properties of solid hydrogen bromide have been studied. 
The dielectric constant varies with frequency and two dispersions are ob- 
served. Only the first disappears abruptly at the 90 °K. transition point. 
The activation energy of the dielectric process can be obtained from the tem- 
perature variation of the critical frequency -- the frequency of the maximum 
dielectric constant - for deuterium bromide but not for hydrogen bromide.**** 
The ionization potential determined by the electron impact method is ap- 
parently for the process 


HBr — Ht+Br. 


The value of 13-3 e.V.*” is derived by correction of the original result.*® There 
is no direct correlation between breakdown potential and ionization potential 
of gases, including hydrogen bromide. The former potential, however, is a 
function of other physical properties such as internuclear distance and critical 
temperature. The correlation of breakdown potential and other physical 
quantities has been discussed*®*** for hydrogen bromide and several other 
gases. 

The diamagnetic susceptibility of hydrogen bromide does not appear to 
have been determined; in aqueous solution the value is®®? -33.0 or -32-5 x 10°° 
c.g.s. units.** The magneto-optical molecular rotation is interpreted as 
demonstrating the existence of undissociated molecules in concentrated 
aqueous solution.*? 


AQUEOUS SOLUTIONS OF HYDROGEN BROMIDE 


The composition of constant boiling point hydrobromic acid has been the 
subject of several investigations, with the following results for the percentage 
by weight of hydrogen bromide and the b.p.: 47-5%, 126°°° 47-8 + 0.03%, 
125% % 47.63%, 124.3°.6% The last set of values appears the most precise. 
All these values refer to a pressure of 760 mm. At this pressure, the values 
given in Table V are typical for the boiling-points and % HBr by weight in 
- aqueous solutions. 


TABLE V.- BOILING POINTS AT 760mm, OF 
AQUEOUS SOLUTIONS OF HYDROGEN BROMIDE 


123-6 |116-5 1107-5 |103-5 | 101-25 


60 | 56-7 | 53-6] 50-8 | 48-4] 47-5] 4368 | 38-2 | 24-8 | 15 6-6 
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The temperature of distillation, t, and % HBr by weight in the distillate are 
given in Table VI:°° | 


TABLE VI.- DISTILLATION TEMPERATURES AND DISTILLATE 
COMPOSITIONS FOR AQUEOUS HYDROGEN BROMIDE 


t Pde 45° 90° 124° 126° 
% HBr | 99 97 95 575 | 4765 
t 198° (| 116% 1106-5? Poe 100.5° 
%uBr | 245 | 10-5 0-74 0-1 0-03, 


The effect of pressure on the b.p. and composition of constant boiling hydro- 
bromic acid® is shown in Table VII. 


TABLE VI.- EFFECT OF PRESSURE ON THE B.P. 
OF CONSTANT-BOILING HYDROBROMIC ACID 


400 600 | 1200 


eee 107-00 | 117-82 137-34 | 
% HBr 48-47 | 47.95 47-03 | 


The pressure of hydrogen bromide over 6N-hydrobromic acid is 0-00077 
mm. at 15°, 0-0015 mm. at 25° and 0-0028 mm. at 35°.%° Table VIII gives some 
values for the composition of hydrobromic acid and of the vapour above it:™ 


TABLE VIII. - COMPOSITION OF HYDROBROMIC ACID 
AND ITS VAPOUR AT SELECTED TEMPERATURES 


At 19.93°, 

Mole % HBr in liquid 
Mole % HBr in vapour 
Partial pressure of HBr (mm.) 
| Partial pressure of H,O (mm.) 
At 548°, BOD 
Mole %HBr in liquid 

Mole % HBr in vapour 
At 79-9", 
Mole % HBr in liquid 
Mole % HERr in vapour 


501] SSR] Bag 


18-20 | 19-20 | 21-12 | 25-17 
13-15 | 25-16 | 54-90 | 96-30 


16-52 19-40 24.33 
6-60 33-3 90-75 


The Duhem=Margulés equation is obeyed by solutions containing up to 55% 
by weight of hydrogen bromide.®* The importance of a high degree of ionic 
dissociation for the formation of an azeotrope of boiling-point higher than 
those of the components has been discussed by Simmons in a review of azeo- 
trope formation.°° 

The unspecified temperature for densities of hydrobromic acid given pre- 
viously (Mellor, II, 186) appears to be 20°; it should, however, be pointed out 
that the sources and values are not always in complete agreement with those 
chosen by the compilers of the International Critical Tables. Isolated data 
have also been recorded in the course of other investigations .*%°75%*® 

Diffusion studies in hydrobromic acid appear to indicate that each ‘mole- 
cule’ carries with it 5-9 molecules of water; in view of the very high mobility 
of the hydrogen ion, this conclusion seems unreasonable.°® The term ‘solva- 
tion number’ and its value for the bromide ion are further discussed on page 
700. The interaction of water and hydrogen bromide in liquid sulphur dioxide 
has been investigated by Bagster and Cooling.®? In the absence of moisture,. 
hydrogen bromide in sulphur dioxide does not conduct electricity; the solution | 
does, however, dissolve one mole of water for each mole of hydrogen bromide, 
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and then becomes a good conductor. On electrolysis, hydrogen and water are 
liberated at the cathode, bromine at the anode. These results show that the 
reaction taking place is 


HBr+H,O — H,O++Br. 


The HBr=H,O system (Mellor, II, 184) does not appear to have been further 
investigated. 

The equivalent conductivity at infinite dilution of hydrobromic acid has 
been reported as** 433-7 and’? 426-2 ohm™ at 25°, and the ionic mobility of the 
bromide ion as”* 77-85, 78-17? and’* 78-52 ohm™ at the same temperature. The 
temperature coefficient of ionic mobility between 18° and 25°, evaluated from 
these and older results, is’* 0.0238. In N-hydrobromic acid, the Hittorf 
transport number of the bromide ion is” 0-164; at infinite dilution it is7® 
0-177. Hydrogen overvoltage at different electrodes in several acids (in- 
cluding hydrobromic) has been studied by Russian workers.”°” 

The activity coefficients of hydrobromic acid have been calculated from 
the e.m.f. of cells of the type 


H, | HBr (« M) | AgBr | Ag 


at 25°:°° 
x 0-0850 0-1086 0.1878 0.2400 
e.m.f.(V.) 00-2101 00-1982 0-1812 0-1585 
y 0.824 0-812 0.796 0.795 
x. 0-3075 0-497 0-755 1-010 1-505 
e.m.f. (V.) 0-1463 0-1214 0.0980 0-0804 0.0534 
y 0-787 0.791 0-822 0-864 0-980 


Activity coefficients have also been determined, using similar cells, in the 
presence of sulphate, chloride and added bromide ions.*°** By the same 
method, other authors®’ have since obtained slightly different results for the 
activity coefficient ofhydrobromic acid in the concentration range 0-001-1 M. 


at temperatures between 0° and 60°. Some of their results are given in Table 
IX. 


TABLE IX.- ACTIVITY COEFFICIENTS OF HYDROGEN 
BROMIDE IN AQUEOUS SOLUTION 


Concentration 
0-001 M. 


0-01 M. 
0-1 M. 
1M. 


The standard potential of the cell at temperature i°C. is given by the 
equation®” 


E, = 0-06846 = 0-0005185 (t-30) = 2-973 x 10°° (t=30)’. 


The thermodynamic properties of solutions containing hydrobromic acid 
and hydrochloric acid,** lithium bromide,** sodium bromide**** and potassium 
bromide®*** have also been investigated. 


NON-AQUEOUS SOLUTIONS OF HYDROGEN BROMIDE 


The Henry’s Law constants x 107° (mm. HBr/mole HBr per 1000 g. of solu- 
tion) for the solubilities of hydrogen bromide in certain n-paraffins®® are given 
in Table X. 
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TABLE X.- HENRY’S LAW CONSTANTS FOR 
HYDROGEN BROMIDE IN n-PARAFFINS 


Solvent 
n-Hexane 1-64+ 0-02 1-97+0.08 2-20 + 0-08 


n-Octane ~ 2-01+ 0-05 2°33 + 0-07 2-65 + 0-09 
n-Decane 2-15 + 0-07 2-49 + 0.07 2°75 +0-07 


From these figures the heats of solution are calculated to be 2620, 2490 and 
2340 g.-cal.mole™ in n-hexane, n-octane and n-decane tespectively.* It is 
further deduced that at any given temperature the value of the constant ap- 
proaches a limit as the length of the chain in the n-paraffin increases. The 
effect of chain-branching has not been studied.* 

Data have also been recorded for the solubility in n-butane and in n- 
hexane at lower temperatures: the Henry’s Law constant (in lb./sq. inch/mole 
fraction HBr) are 443 and 326 for n-butane at 25° and 5°, and 348 and 265 for 

n-hexane at 20° and 5°.®° The heats of solution calculated from these results 
are 2,510 and 3,050 g.-cal. mole™* for n-butane and n-hexane respectively.* 
There is no evidence for interaction of aluminium bromide and hydrogen brom- 
ide in either of these solvents.°® 

For solutions of hydrogen bromide in benzene, the Henry’s Law constant 
is 15-8 + 0-5 at 30° and 24-4 + 0.6 at 50° (in atm. HBr/moles HBr per 1000 g. 
of solution); the calculated heat of solution is 4200 g.-cal. mole *, and the 
heat of mixing liquid hydrogen bromide and liquid benzene is 175 g.-cal.” 
The system does not obey Raoult’s Law.*’ 

Solubility measurements in toluene, o-nitrotoluene and m-nitrotoluene 
have also been recorded; in all these solvents there are negative deviations 
from Raoult’s Law. The Henry’s Law constants (in atm. HBr/ moles HBr 
per 1000 g. solution) are 0°99 for toluene, 1:32 for o-nitrotoluene, and 1°42 
for m-nitrotoluene at 25°.°© A value of 1°03 for benzene was also bea ined 
this does not agree with those given above or the calculated heat of solution 
for a similar range of pressure and concentration, and further investigation 
appears desirable. 

Solutions of hydrogen bromide in chloroform and carbon tetrachloride show 
positive deviations from Raoult’s Law; the Henry’s Law constants x 10° 
(here expressed in normality HBr/mm.HBr) are:** 


8 15° 252 
Carbon tetrachloride 8-26+0-01 5-95 +002 5-03 + 0-02 
Chloroform 9.92 +-0°03-* Fal 7310505 297 20.04 


The heats of solution are 3230 g.-cal.mole™ in carbon tetrachloride and 3260 
ge-cal. mole™ in chloroform. ® 

Hydrogen bromide is only very slightly soluble in‘ liquid hydrogen fluor- 
ide.°° Jt is miscible in all proprotions with liquid sulphur dioxide; the 
properties of the solution are referred to on page 732. The fact that the 
emf. of cells such as Ag AgBrllig. SO,, HBr|H,,Pt are higher than is ex- 
pected from thermal data is attributed to solvation of the silver salt,°* but 
this is not confirmed. 

The conductivity of hydrogen bromide in anhydrous methanol has been 
measured at 25° with the following results: 


Valley 10 40 160 640 1280 
A(ohm") ref. 7? 128:5 154-0 177-0 189.2 195-0 
ref? “124.6 147.4. “N661B) > auigiesem elcas 


The equivalent conductivity at infinite dilution is®* 212°3 or°? 206°6 ohm", 
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_ and the degree of dissociation in 0-1 N-solution 0-605°! or 0-603,9? Data for 
0° have also been obtained: at dilutions of 10-88, 62-12 and 879 litres the 
equivalent conductivity is 97-3, 121-1 and 142-9 ohm™ respectively.™ In 
anhydrous ethanol at 25°, the equivalent conductivity is:%? 


V1.) 10 40 160 640 1280 
AGebm"*) 0°4252)) 5258 63-1 72-8 75°7 


The equivalent conductivity at infinite dilution is 88-9 ohm, and the ap- 
parent degree of dissociation in 0-1 N-solution is 0-474.°? Conductivities in 
n-propanol,”** n-butanol™ and methanol or ethanol containing water have also 
been measured,** and the apparent degree of dissociation in such solvents 
has been related to catalytic activity during esterification. 

Recorded values of the density and viscosity of solutions of hydrogen 
bromide in absolute ethanol at 25° are:°5 


Concentration (mole/1.) 0-05 0.2 0.4 0-6 
d 0:7889 0.7997 0-8149 0.8292 
n (c.g.s. units) 0-01121 0.01194 0.01281 0.01362 
For a 0-1 N-solution containing xmole H,O per litre the values at 25° are™® 
G. 0 0.05 0.1 


d 0-7928 0-7931 0.7934 
n 0-01151 0.01164 0-01175 


In anhydrous acetic acid the ionization of hydrogen bromide is very much 
reduced, but it remains a stronger acid than hydrogen chloride, the pK values 
being 6-40 and 8-85 respectively..°? The relative strengths as acids remain 
in the order HI>HBr>HCl in water, acetonitrile, methanol, ethanol, n-pro- 
panol, n-butanol, pyridine and aniline.°* From the general discussion of 
acids given by Bell,” it may be inferred that this is due mainly to the de- 
creasing bond strength in the series HI, HBr, HCl; this factor appears to be 
more important than the increasing solvation energy of the anion as it be- 
comes smaller. 

In nitrobenzene (despite its high dielectric constant) hydrogen bromide is 
almost a non-conductor, the apparent degree of dissociation probably being 
about 10°*; the equivalent conductivity at a dilution of 40 litres is only 
0-0632 ohm™’.*°° The conductivity is, however, greatly increased by the 
presence of traces of water; this would seem to be for the same reason as in 
liquid sulphur dioxide, but it is reported that the addition of hydrogen bromide 
toa solution of water in nitrobenzene produces little lowering of the freezing- 
point. 


ADSORPTION 


Crystals of hydrogen bromide at about -110° adsorb radon.*" 

The adsorption of hydrogen bromide by silica gel from -45° to 60° is in 
general agreement with the Brunauer and Teller theory. Values*®” are given 
in Table XI. Adsorption from aqueous solution on mercury*® and charcoal*™ 
has also been investigated. 

Sorption of hydrogen bromide on nickel has been studied in connexion 
with the role of oxygen in catalyzing the dehydrobromination of organic com~ 
pounds, Activated adsorption of hydrogen bromide appears to take place. A 
nickel surface with chemisorbed oxygen adsorbs 3=5 times as much hydrogen 
bromide as freshly reduced nickel.*°**°* Other workers, however, have re- 
ported that hydrogen bromide reacts with reduced nickel in the presence of 
oxygen, forming nickel bromide and liberating hydrogen.***"*® 
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TABLE XI,- ADSORPTION OF HYDROGEN BROMIDE BY SILICA GEL 


=45-6° + 0-5°sp(mm.) 56-9 174.2 281-4 544-2 1716» 2 
millimoles/g. sorbent 1- 130 2-244 3-502 4-380 5-656 
=25° + 0-2°; p(mm.) 629 138-5 280-9 561-8 179-7 
millimoles/g. sorbent | 0-494 1-075 1-688 2-607 3-204 
0° + 0-3°; p(mm.) 24-0 208: 1 348-1 5129 185°7 
millimoles/g. sorbent | 0-128 0-673 0-988 1-279 1723 
35> 2° + 061% p(mm.) 39-2 174-8 357-5 50 1.0 7185+6 
millimoles/g. sorbent | 0-059 0-222 0-388 0-505 0-738 
60-5° + 0-2°; p(mm.) 52:0 120-9 351-1 562-1 7163-1 


millimoles/g. sorbent | 0-048 0-091 0-213 0-314 0-402 


CHEMICAL PROPERTIES OF HYDROGEN BROMIDE 
AND HWYDROBROMIC ACID 


The thermal dissociation of hydrogen bromide is discussed in Mellor, II, 
146. More recently, equilibrium constants for the reaction 


HBr(p) = “H(g) + 4Br,(g) 
have been evaluated from spectroscopic data:'® 


T 300 400 600 800 1200 1600 x, 
log K =9+37  =7:16 = =-4.93 =3.80 <-2.65 -2-07 


The rate of decomposition is not affected by traces of moisture,*?5*** 


For the exchange reaction 
HBr+HD =H,+DBr 


the equilibrium constants have been calculated from spectroscopic data, it 
being assumed that molecular rotations, but not vibrations, are all excited: 


Ink = 2-414 = 128.11/T 


Experimental determinations between 300° and 650°K. agree with the calcu- 
lated values within the experimental error.**° 

Hydrogen bromide and pure ozone react instantaneously at room tempera- 
ture, the mixture’exploding except at low pressures (2=3 cm.). The reaction 
proceeds by a chain mechanism involving hydroxyl radicals formed at the 
walls. At -104°, where the reaction can be studied conveniently, the net 
change is expressed approximately by the equation 


2HBr + O, = H,O + Br, + O,. 


In the non-explosive reaction the rate is proportional to the first powers of the 
hydrogen bromide and ozone pressures; the reaction is inhibited by inert 
gases in the order He<A<H,<O,; from the temperature coefficient of the 
non-explosive reaction between -104° and ~77°, the activation energy ap- 
pears to be 3-8 kg.-cal.***"3° 

The oxidation of hydrogen bromide by molecular oxygen between 490° and 
635° is almost entirely a homogeneous reaction, the mechanism probably 
being: 


HBr+0O, -—> HOOBr 
HOOBr + HBr -—> 2HOBr 
HOBr + HBr —> H,O + Br,. 


Added inert gases decrease the rate, probably by accelerating the decom- 
position of the intermediate complex HOOBr. The activation energy of the 
overall reaction, deduced from the variation in the rate with temperature, is 
37-3 kg.-cal.4*4 Atomic oxygen formed in a silent discharge oxidizes hydrogen 
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bromide rapidly and completely; under the conditions of the experiment the 
absorption bands of the hydroxyl radical were not observed.'*5#4© Atomic 
nitrogen and hydrogen bromide yield bromine, ammonium bromide and traces 
of other compounds.**3"** An afterglow is observed only when the nitrogen 
is contaminated with oxygen or traces of oxygen-containing compounds; these 
phenomena appear to be connected with the presence of atomic bromine rather 
than with that of molecular hydrogen bromide.**®*® 

- Hydrogen bromide also reacts rapidly with atomic hydrogen.’?!??, The 
thermal reactions with hydrogen at 821-984°K. and deuterium at 884°K. are 
chain processes involving hydrogen or deuterium atoms. For the reaction 
with hydrogen the mechanism is: 


Hy 2H Poet) 
PS eee gat BE =. 4! es (2) 
Brie tl Oe HBr ec). « .¢.1e3) 


The reaction with deuterium is similar.’*4 A theoretical discussion of this 


reaction using transition state theory has been given, and it has been shown 
that agreement between theory and experiment is satisfactory’* The reactions 
of hydrogen atoms and methyl radicals (produced by photolysis of hydrogen 
iodide and methyl] iodide) with hydrogen bromide have been interpreted to show 
that the velocity constant of the reaction H + Br, — HBr + Br is 8-4 times that 
of the reaction H + HBr — H, + Br, and that the velocity constant of the reac- 
tion CH, +1, — CH,I + lis 7-5e9°°/®? times that of the reaction CH, + HBr —> 
CH, + Br at temperature T,*”? 

Hydrogen bromide photosensitizes the hydrogen~oxygen reaction at 280°,'** 
presumably owing to the more rapid formation of hydrogen atoms from this 
substance than from hydrogen. It is also reported to sensitize the oxidation 
of certain organic compounds under special conditions’”® and the reduction of 
ferric oxide by hydrogen.*?” 

Hydrogen bromide reacts with ammonia even when both gases are liberated 
from intensively dried liquids at -80°;*?* the change in magnetic susceptibility 
during this reaction has been measured.*?? Crystalline silicon is perceptibly 
attacked by hydrogen bromide at 340°, and at 360° reaction is rapid, with the 
formation of SiBr,, SiHBr, and a little SiH,Br,; at higher temperatures the 
tetrabromide is the main product.**° There is no evidence for azeotrope or 
compound formation between hydrogen bromide and diborane*** or boron tri- 
fluoride.**? 

The study of the effect of temperature and concentration on the oxidation 
of hydrobromic acid by sulphuric acid shows that appreciable oxidation takes | 
place by 90% sulphuric acid at 35°, by 60% acid only at 170°.*** Reduction 
of permanganate by hydrogen bromide takes place even in 0-00154 N.solution 
at room temperature.*** The oxidation of hydrobromic acid by chromic acid 
has been investigated in some detail.*****’ The rate of oxidation is a func- 
tion of the concentrations of hydrogen and other ions. Chlorides accelerate 
the reaction, but retard it in the presence of sulphates. Manganous ions 
catalyse the oxidation. In the presence of sulphuric acid in lowconcentration 
the oxidation is said to be bimolecular, and at high concentrations of the acid 
unimolecular and independent of the concentration of the oxidising agent. 
Mechanisms have been suggested, but further experimental work is needed. 
The reduction of vanadic acid by hydrobromic acid in the presence of sulphuric 
acid has been studied in less detail: in this system, too, the concentration 
of sulphuric acid affects the rate in a complicated way, and if the acidity is 
too low the reaction stops.*** 

Hydrobromic acid reduces ruthenium tetroxide rapidly to quadrivalent 
ruthenium, and then slowly to the tervalent state; this reaction may be used 


Refs. p. 739 


738 HYDROGEN BROMIDE 24 
for the determination of the element.**® Tervalent ruthenium salts catalyse 
the oxidation of hydrobromic acid by perchloric acid, which, like many other 
oxidations by perchloric acid, is otherwise thermodynamically possible but 
exceedingly slow; the rate appears from a partial investigation to be pro- 
portional to the perchloric acid and tervalent ruthenium concentrations. *** 
Osmium tetroxide is also reduced: in the presence of low concentrations of 
the acid and tribromide ion, Os*™ results; but with high concentrattons of 
acid and low concentrations of bromide ion, the reduction proceeds as far as 
OslIV,'4%144 Tp 1.2~ 3.5 M-acid the rate-determining step is reduction to Os VI: 


Hj0s0, +H’ + Br — H0sG, aor 
This is followed by rapid reactions: 


HOBr +H*+ Br” — Br, +H,O 

Br, + Br —> Br, 
H,OsO,+ Br, > HOsO,+H* + %Br 
HOsO, + Br —> Os (OH)O,Br~ 


The overall reaction is:*** 
OsO, +H? + %Br° —> Os(OH)O,Br° + 4Br,” 


The interaction of hydrogen peroxide and bromine or hydrobromic acid is 
discussed on page 717. 
The rate equation for the oxidation of hydrobromic acid by chloric or iodic 
acid is given by 
-£ [xo,] = Axo} [Br ) fH 


where x=y=1, z=2 for chloric acid, and x=1, y=2, z=3 for iodic acid.*** 
The reaction with bromic acid is discussed on page 754; its velocity in 
aqueous solution at 1500 atm. pressure is reported to be about 15% less than 
that at 1 atm. pressure.*** | 

At 25°, the rate of dissolution of aluminium (99.3% pure) in 0-5=4 N-hydro- 
bromic acid is only slightly dependent on the velocity of stirring; it has a 
temperature coefficient of about 2 for a 10° rise in temperature, and it is 
greatly increased by adding aluminium chloride to the solution.**® No modern 
explanation of these observations has apparently been given and further work 
with pure materials is required. Corrosion of calcium, zinc and beryllium has 
also been studied in an unsuccessful effort to correlate corrosion with the 
structures of the metals and with the products.**® The effect of bromide in 
strong acid solutions in rendering iron passive has been ascribed to the forma- 
tion of a protective film of ferric bromide.**” 

Hydrobromic acid in acetic. acid slowly reacts with sulphur dioxide in a 
complex manner.*** Formation of thionyl bromide, 


SO, + 2HBr -—> SOBr, + H,O 
is suggested as the first stage, followed by the reactions, 


2SOBr, + 4HBr —> S,Br, + Br, + 2H,O 
and Br, + SO, + 2H,O -> H,SO, + 2HBr. 


Formation of sulphur from the disulphur dibromide also occurs; it is suggested 
that the bromide hydrolyses giving sulphuric acidand hydrogen sulphide, which 
then reacts with the sulphur dioxide. In the presence of acetyl bromide or 
acetic anhydride disulphur dibromide can be isolated and no hydrolysis of this 
compound occurs. 

The extensive literature on the addition of hydrogen bromide to olefins is 
summarized in a review by Mayo and Walling.**° Addition of hydrogen bro- 
mide is normally a polar process, the bromine attaching itself to positions of 
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lowest electron density (a), but in the presence of peroxides an atomic mecha- 
nism (5) is believed to operate, and the direction of addition is reversed; erom 
with allyl bromide:- 


(avert. Glibr-CH Br 
Gisk = CH sag CH,8r 
‘(b) CH,Br.CH,.CH,Br 


Hydrogen bromide is unique among the hydrogen halides in this respect. The 
effect is observed both with liquid olefins and with their solutions. 

Very accurate determinations of the heat of neutralization of hydrobromic 
acid at 20° in 0-01 M. solution have been made by Richards and his collabora- 
tors.*545?, For neutralization with 0-01 M-lithium, sodium and potassium 
hydroxides the heats of neutralization were found to be 14-002, 13-836 and 
13-981 kg.-cal., respectively.*** The value for the neutralization of sodium 
hydroxide was later corrected (using the best available values for the specific 
heat of the solution) to 13-856 kg.-cal., the unit used being the 20° calorie.*®? 

Below -75° hydrogen bromide Bombines with hydrogen chloride to form a 
compound, H8r,HCl; this is unstable in the vapour phase or in solution in 
hydrogen bromide or hydrogen chloride. its vapour pressure between ~120° 
and -80° is represented by the equation:-* 

log p= on + 6-818. 
Nothing is known of its structure, and there is no direct evidence to support a 
suggested formulation’ H,Cl*Br’. 

Molecular volume measurements provide evidence for the existence of a 
compound (C,H,),0, 2HBr.**° 
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SECTION XXV 
IODINE BROMIDE. 
By A.G. SHARPE 


The conclusion that there is only one bromide of iodine, IBr (Mellor, II, 122), 
remains unchallenged. Recent work on this compound has been concerned 
mainly with the determination of its physical properties; these have been 
reviewed by Greenwood.' 

The structure of solid iodine bromide is unknown, but solid solutions of 
iodine and bromine over the range 0 —38 mole-% Br, have been investigated by 
X-ray methods. In this range the lattice spacings vary linearly with com- 
position; the solid solution belongs to the space group Cem, and is thus iso- 
morphous with iodine and bromine. This strongly suggests a molecular 
lattice with oriented iodine bromide molecules? 

In solvents in which iodine and iodine monochloride form violet and red- 
brown solutions respectively, iodine bromide forms red solutions; in solvents 
in which the colours of iodine and the monochloride solutions are respectively 
brown and yellow, solutions of iodine monobromide are yellow-orange. Solvents 
of the former class include carbon tetrachloride, chloroform, hexane, benzene, 
toluene, and carbon disulphide; those of the latter, methyl and ethyl alcohols, 
ethyl ether, formic and acetic acids, ethyl acetate, and acetone. These 
phenomena have been very much less investigated than those involving iodine 
or iodine monochloride, but it seems likely that Fairbrother’s suggestion of 
polarization by co-ordination with an electron-donating atom in the second 
group of solvents may be applicable here.* In this connection the observation 
(Mellor, II, 124) that solutions of iodine bromide in carbon tetrachloride and 
ethyl ether are non-conducting and conducting, respectively, is significant. 
Addition of 1% of ethyl alcohol to the solution in carbon tetrachloride results 
in a marked lightening of the colour, and similarly the addition of a few drops 
of ether to the non-conducting solution in carbon disulphide produces a lighter 
solution which does conduct electricity. Such observations indicate partial 
formation of ionized complexes* such as [(C,H,),O0 +I]tT. The dipole moment 
of iodine bromide is reported to be 1-2 D.in benzene solution at 25°,* and 1-3 D. 
in carbon tetrachloride at 20°5° the value for the vapour is unknown. 

From investigation of the equilibrium 


CuBr, 5) Pee CUBIy er tert iat 


a | (s) (g) 
the equilibrium constant of the reaction 
B = | LBtys Be Bigotry ht 
IBr gy = flacgy + Brag) } 


was evaluated as 8-00 x 107? at 115°, 9-20 x 10°? at 151-2°, and 10-01 x 107? at 
176°. These values led to the equation 


AG 2 1 Dg C17 ZA0 7) oe meena (2) 


for the free energy of formation of gaseous iodine bromide by the reverse of 
reaction (1). 

An earlier determination of the equilibrium constant of reaction (1) at 304-8° 
was based on the effect of iodine on the formation of hydrogen bromide from 
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hydrogen and bromine;’ this gave a constant of 0-114 in moderate agreement 
with the value of 0-137 calculated from equation(2).*° Vapour density deter- 
minations at 1495°K. gave 0-093 for the equilibrium constant of reaction (3):°® 
a) + Brae) = 21Br ape ee ai (3) 

The change in heat content attending the formationof gaseous iodine bromide by 
the reverse of reaction(1) was calculated from the equilibrium constants to be 
~1270 + 50 g.-cal.* (see below). The degree of dissociation of iodine bromide 
vapour at 25° was evaluated as 8-9%.® 

Thermodynamic properties of iodine bromide were tabulated by McMorris 
and Yost,* and partly revised by Blair and Yost,** after publication of spec- 
troscopic determinations of the heat of dissociation of iodine bromide.**° These 
authors gave, for the reaction 


1 1 a 
Alas) + ABE 91) IBr 
AGoo, 429 971 g.-cal., and AH},, = 9,861 g.-cal. 


The standard entropy of gaseous iodine bromide was given as 62-0 g.-cal. 
deg?*mole™’. 

According to Greenwood,* re-evaluation of the spectroscopically determined 
heat of dissociation, using the latest values for the universal constants, leads 
to a value of 41-89 kg.-cal. for dissociation into normal atoms. This result, 
combined with the heats of dissociation of the halogens, gives 


AS. = 71:38 kg.-cal. 
for the reaction 
1 1 a 
Bata lise tac eyelet iegy" / 
and 
Soon 420 =-(02+25 g.-cal.degz*mole™* 


for the standard entropy of gaseous iodine bromide. 

Zeise** calculated the equilibrium constant for the last reaction in the 
range 298 —2000° K. on the assumption that the internuclear distance in iodine 
bromide is the mean of the values in the parent halogens. For 400°K. he 
found = 11-42; the interpolated value from experimental results® is 11-9. 

The partial pressure of iodine bromide above its solution in carbon tetra- 
chloride obeys Henry’s law at 25°, and if p = the v.p. of IBr in mm. and N = 
the mole fraction of IBr, p/N = 114 in the range N =0.00179 toN = 0.0224; 
Hence AG° for the reaction 


IBr, = IBr 
8) (CGl4) 
is ~1124 g.-cal.’* For the formation of iodine bromide in carbon tetrachloride 
by the reaction 
1 zi 
MEISE ENG DLO 

AGoo0s = 7153 g.-cal. and AH$,, = 1721 g.-cal. The standard entropy of 
iodine bromide in carbon tetrachloride is 38-5 g.-cal. deg.* mole™*.*° 

For the formation of iodine bromide from iodine and bromine dissolved in 
carbon tetrachloride, AH$,, = -1630 g.-cal., and for the solution of gaseous 
iodine bromide in carbon tetrachloride AH$,, = 78140 g.-cal.*° 

From absorption spectrum data, the degree of dissociation of iodine bromide 
in carbon tetrachloride has been found to be 5-9 + 1.5%. ** 
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In addition to earlier work, in which iodine bromide was shown to form 
conducting solutions in liquid sulphur dioxide, arsenic trichloride, and sulphuryl 
chloride (Mellor, II, 124), the formation of conducting solutions in bromine, 
nitrobenzene and acetic acid has also been reported.*” The conductivity of a 
14-83%. solution in acetic acid at 25° is 1-59 x 10°75ohm™*cm.”*; but neither in 
this solvent nor in bromine, sulphur dioxide, arsenic trichloride and nitro- 
benzene has any decomposition potential been found.*? The decomposition 
potential at 15 —18° of an aqueous solution containing 0-51 moles IBr/litre is 
0-045 v.*® A recent reinvestigation of the conductivity of fused iodine bromide 
gave values of 6-4x10"* and 10-4 x 10 *ohm™*cm-* at 45° and 55° respectively.”° 
The value for the conductivity of the solid is wrongly transcribed in Mellor (II, 
124); it is 6-5 x 10-Sohm™*cm.™* at 16-3°. This large difference between the 
conductivities in the solid and liquid states appears to establish the electro- 
lytic nature of conduction in the liquid. 

Iodine bromide dissolves in sulphur dioxide to give a solution containing 
approximately 6% of IBr at 25°. 

The reactions between molten iodine bromide and alarge number of elements 
have been briefly reported.*” Bromides insoluble in carbon tetrachloride, 
which is used to wash away iodine (formed as the other product of the reaction) 
and any excess of iodine bromide, are given by sodium, potassium, magnesium, 
calcium, barium, copper, silver, gold, zinc, mercury, tellurium, bismuth, man- 
ganese, iron, cobalt, and nickel. Bromides soluble in carbon tetrachloride are 
given by aluminium, germanium, tin, titanium, phosphorus, arsenic, antimony, 
vanadium, sulphur, and selenium. Cadmium, boron, carbon, silicon, lead, 
zirconium, niobium, tantalum, chromium, molybdenum, tungsten, and platinum do 
not react with molten bromide. 

The interaction of solutions of iodine bromide and potassium iodide in 
fused iodine proceeds according to the equation:- KI + IBr = KBr + I, 
and may be followed conductometrically. Cn the solvent theory of acids and 
bases, iodine bromide is an acid in liquid iodine, in which it dissociates to 
give the free or solvated cation It characteristic of this solvent.!® 

In 0-05M. solution in methyl alcohol, iodine bromide and silver nitrate 
react to form silver bromide and a pale yellow solution presumed to contain 


: as : 22 / 
1lodine nitrate AgNO, + IBr = AgBr + INC, 


The observation that in aromatic organic chemistry iodine bromide invariably 
acts as a brominating agent”*** is accounted for by the high degree of thermal 
dissociation of the bromide and the rapidity of bromination by the free bromine 
formed.** ; 

When todine bromide in carbon tetrachloride is shaken with aqueous per- 
chloric acid, the reaction 


I, + 5Br, + GH,O = 12Ht+ + 210. + 10397 


takes place between the free halogens present; the Br ions produced then 
extract iodine bromide to yield a solution containing IBr, ions.’? The dis- 
tribution ratio IBr in CC1,/IBr in H,O is reported to be 3-9;'5 the determination 
was made in the presence of sulphuric acid with the object of repressing hydro- 
lysis, but its significance appears doubtful. The dissociation constant of the 
IBr,” ion, 
IB eo Br 
(aq. ) 

has been given as approximately 0-003'? and 0-0027.'5 Values of 1-2 x 10° 
and 1-9x 107° in N- and 4N-hydrobromic acid respectively have been reported for 
the equilibrium constant of the dissociation 21Br = I, + Br, in aqueous solution; 
the higher value in more concentrated acid has received no satisfactory explan- 
ation.***© The equilibria involved appear to be more complex than has previously 


eC kaart ae 


Refs. p. 745 


25 IODINE BROMIDE 745 


been supposed. A study of the IBr-Br,-HBr system in aqueous solution sug- 
gests the possibility of the existence of an unstable IBr,” ion in the presence 
of bromine and hydrobromic acid,*® but no salts containing such ions have ever 
been isolated in the solid state. 

The conductivity of binary mixtures of fused iodine bromide and other 
molten halides has been investigated. The electrical conductivity of the 
system I3r-KBr shows a maximum at 9 mole-% of K8r at 45°, that of IBr -KI 
at 7 mole-% of KI at 45—55°, and that of IBr-AlBr, at 11 mole-% of AIBr, at 
45—55°. Conductivities in iodine bromide resemble those in iodine chloride, 
but are generally rather lower. The viscosity of the IBr-AlBr, system is at a 
maximum at 55 mole-% AlBr,, indicating the formation of a compound IAIBr,.?° 
On electrolysis of a solution of this compound in nitrobenzene, iodine migrates 
to the cathode, while aluminium and bromine migrate to the anode, suggesting 
the presence of I* and AIBr,- ions; a little iodine also goes to the anode, 
probably because of the formation and electrolysis of the compound [PhNC,,I]+ 
I"; Ion transfer experiments on solutions of potassium dibromohypoiodite, 
KIBr,, in the same solvent establish that iodine and bromine both accumulate 
at the anode.”* 3 

Iodine bromide and phosphorus tribromide react forming iodine and a com- 
pound IPBr,; the latter substance may be obtained pure by fusing a mixture of 
51 mole-% PBr, and 49 mole-% IBr, extracting with phosphorus tribromide, 
washing with carbon disulphide and drying in a stream of dry carbon dioxide 
at 50°.7° A simpler method is to mix saturated solutions of phosphorus penta- 
bromide and iodine bromide in carbon disulphide and to dry as before.*® The 
m.p. of the compound [P8r, is 114-5°; electrolytic studies in nitrobenzene 
show that iodine migrates to the anode and phosphorus to the cathode, suggest- 
ing that the compound may be formulated as a salt, PBr,* IBr,”.?7. This sug- 
gestion finds strong support in the recent demonstration that in the solid state 
the analogous compound IPCI, has a lattice made up of PCl,* and ICI, units.*° 

Molten iodine bromide as an ionizing solvent has been briefly discussed by 
Gutmann.*° Solutions of alkali metal bromides are good conductors, those of 
bromides of antimony, zinc, tin (stannic), and aluminium are moderate con- 
ductors. In this solvent, the compound Ppr br. behaves as a base; and 
reactions of the type 


2MIBr, + SnBr, —> M,SnBr, + 21Br 


(where M = K, NH,, Rb, Cs) have been shown to take place. The existence of 
stable acids in the iodine bromide-solvent system has not yet been established. 
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SECTION XXVI 
BROMINE OXIDES AND OXY-ACIDS 
By A.G. SHARPE and B. COX 


OXIDES OF BROMINE 


By A. G. SHARPE 


BROMINE MONOXIDE Br,O. 


A reinvestigation of the interaction of bromine and mercuric oxide (Mel- 
lor, II, 242) showed that when bromine vapour was passed at 50-60° over 
the oxide (precipitated at 50° and dried at 100-110°, about 4% of bromine 
monoxide was formed.* Better results were obtained by shaking the oxide 
with a solution of bromine in carbon tetrachloride.** In one process,* mercuric 
oxide (15 g.) was shaken with bromine (5-3 g.) in carbon tetrachloride (90 cc.) 
at 45° for 45 min.; more mercuric oxide (20g.) was then added, and shaking 
was continued for 4Y, hr. at -18°. The yield of bromine monoxide in the or- 
ganic solvent (40-50%, based on the weight of bromine taken) was determined 
iodometrically, one molecule of the monoxide liberating four atoms of iodine 
from potassium iodide solution. 

The first product in the reaction between bromine and mercuric oxide is 
an unstable compound, HgOBr,, which rapidly decomposes into mercuric hypo- 
bromite and bromide:2# "8 


2HgOBr, — Hg(OBr), + HgBr,. 
In carbon tetrachloride solution, bromine then reacts thus: 


He(OBr), +ebr | =" pr.0747Hposr,,. 
In the absence of such a solvent, the oxide reacts further with unchanged 
hypobromite, producing bromine and mercuric bromate:-** 


Hg(OBr), + 4Br,0 = 4Br, + Hg(BrO,),. 

Pure bromine monoxide has been prepared in 7-10% yield by decomposi- 
tion of the dioxide in vacuo at temperatures above -40°, bromine, which was 
also formed, being removed by fractional sublimation.*® The formula of the mon- 
oxide was determined by thermal decomposition into bromine and oxygen, and 
by a cryoscopic determination of its molecular weight in carbon tetrachloride. 

Bromine monoxide is a brown solid, m.p. ~17-5 +0-5° with some decomposi- 
tion; it is stable only below -40°.° Its green solution in carbon tetrachloride 
dechinposes rapidly in light, slowly in the dark, 2Br,0 a t,t Oe 
BrOet CGl > COCL 4+. Brag CL The extinction’ coefficients of 
bromine monoxide in 26-3% solution in earban tetrachloride are: 


Wave-length 430 470 500 530 570 610 660 720 750mp. 
€ 80-2 28:5 81465 67 69 10-2 123 3-9 2°5 


Treatment of the solution in carbon tetrachloride with sodium hydroxide solu- 
tion at 0° gives only sodium hypobromite; the more vigorous direct decomposi- 
tion of the gas by aqueous sodium hydroxide results in the simultaneous 
formation of some bromate.* Bromine monoxide dissolves in water to yield 
hypobromous acid, which then decomposes.°* 
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TRIBROMINE OCTOXIDE Br,0,. 


In an investigation of the decomposition of ozone by bromine, Lewis and 
Schumacher® noticed that after the gases were mixed a white deposit appeared 
on the walls of the containing vessel. By allowing pure bromine at 3-15 mm. 
pressure to react with 5-15 times as much pure ozone at ~5° to + 10°, bromine 
octoxide was obtained as a white flocculent solid, unstable except below =80° 
or in the presence of ozone.’ Failure to adhere to these experimental con- 
ditions led to severe explosions.” Thermal decomposition of the oxide into 
bromine and oxygen served for its analysis; determination of its molecular 
‘weight was not possible. 

3romine octoxide is dimorphous, the more stable modification being obtained 
as fine white needles by prolonged cooling at -40°.%° The transition tempera- 
ture is -35+3° It dissolves in water to form a colourless solution which 
contains no bromide ions.’ Jodometric and acidimetric determinations on the 
solution indicate a Br:H*: active O ratio of 1:1-34:2-48. These values 
have been interpreted’ as indicating that the solution contains an unstable 
acid, H,Br,O0,), but there is no further evidence to support this suggestion. 

Below 15° the decomposition of ozone in the presence of bromine appears 
to involve this oxide. For low concentrations of bromine the rate of decom- 
position (a first order reaction occurring in the solid phase) is reported to be 
proportional to the first power of the concentration of the added bromine and 
to be indepéndent of the nature and size of the reaction vessel, the presence 
of added oxygen and the pressure of ozone. These results indicate that the 
rate-determining step is the decomposition of the solid oxide; at O° the tem- 
perature coefficient is 3+16 for 10° and the activation energy is 17+6kg.-cal,°"%!4 
Both modifications of the oxide are equally effective in promoting the decom- 
position of ozone.’ More extensive investigations of the kinetics of the 
decomposition indicate, however, that the reaction is more complex than the 
above account suggests: starting with bromine at 1mm. and ozone at 15-50 
mm. pressure, Lewis and Feitknecht*® found that in this concentration range 
the rate is reduced by increasing the pressure of the ozone. A satisfactory 
general account of the reaction has not yet been given. | 


BROMINE DIOXIDE (BrO,),. 


This oxide was obtained in 80% yield by the action of an electric discharge 
on a mixture of bromine vapour and oxygen cooled to the temperature of liquid 
air; ozone and bromine were removed by fractional sublimation, leaving the 
dioxide asa yellow solid which when heated to 0° under atmospheric pressure 
decomposed into bromine and oxygen without first melting.® The preparation 
from atomic oxygen and bromine under similar conditions nae also been reported 
by workers on atomic oxygen,’®’” 

Bromine dioxide is stable at -40° if it is allowed to warm rapidly, it 
decomposes with visible flame.* It is decomposed by carbon tetrachloride, 
petroleum ether, or water; with water a colourless solution of unestablished 
composition results.* With cold aqueous 2N-sodium hydroxide, sodium bromide, 
hypobromite, bromite and bromate are formed; if the oxide is decomposed with 
SN-sodium hydroxide and the solution is warmed, the course of the overall 
reaction can be represented thus:-° 


6BrO, + GNaOH -> 5NaBrO, + NaBr + 3H,O 


When bromine dioxide decomposes in vacuo, brornine moftoxide and a white 
solid stable at -70° are formed;** it has been suggested that the latter sub- 
stance is a new oxide, Br,O,, Br ,0,, or Br,O,,** but the possibility that it is _ 
the oxide Br,O, does hoe appear to have been eliminated. 
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OXYACIDS OF BROMINE AND THEIR SALTS 
By B. COX 


HYPOBROMOUS ACID 


All methods of any importance for the preparation of hypobromous acid 
solutions depend on disturbing the equilibrium 


Br, + H,O = HBr + HOBr 


by adding a substance (e.g., mercuric oxide, argentous oxide, mercuric nitrate, 
silver nitrate) which will remove bromide ions. Interaction of bromine water 
and silver nitrate solution, 


AgNO, + Br, + H,O -—> AgBr + HNO, + HOBr, 


followed by distillation at 20-25° under a pressure of 11-12 mm., yields a 
solution of concentration 0-3.N. containing very little nitric acid. Bromine 
and bromic acid are the only impurities present; the former may be removed by 
blowing a current of nitrogen through the solution, but removal of the bromic 
acid is impossible.’ Silver phosphate may replace silver nitrate: bromine 
water is shaken with excess of silver phosphate until the odour of bromine 
disappears, and the solution is then distilled in all-glass apparatus.*°® A 
dilute solution of hypobromous acid has also been prepared by shaking excess 
of bromine water with silver nitrate solution, filtering off the silver bromide on 
glass wool, and removing the excess of bromine by blowing air through the 
filtrate.? Alternatively, excess of silver nitrate may be used, the excess of 
silver being removed by adding sodium phosphate.°® 

On standing, solutions of hypobromous acid decompose to bromic acid and 
bromine; under certain conditions bromous acid may be formed ‘as an inter- 
mediate.*"* In the presence of low concentrations of bromide ion, the time for 
half-decomposition of hypobromous acid is about 10’ times as great as that 
calculated from an earlier expression’®® for the rate law of the reaction 


SHBrO -> BrO; + H* + 2Br, + 2H,0. 


Re-examination of the experimental data on which this rate law was founded 
Satara that except in strongly alkaline solution the rate is proportional 
to [HOBr]*[BrO™], the rate -determining step being the reaction 


2HOBr + OBr” -> Br}; + 2Br” + 2H’; 


this is followed by rapid interaction of bromide and bromate.* From an exam- 
ination of earlier work, it is suggested* that in strongly alkaline media the 
rate determining step is: — 


2BrO>. Sse =2BrO, 4 Brr. 
By rewriting the expression for the decomposition in the form: 


¢ [HBr0] = k,[HBrO}*[OH"], 


it is seen that the reaction should be of the third order with respect to the 
hypobromous acid concentration at constant pH. In the pH range 64-798 at 
25° this has been found to be so, and &, = 4-4 x10® (concentrations in moles/ 
litre, time in min.).* At pH 9 and in more alkaline solutions the order de- 
creases to two.>%7%!49 Alternative expressions for the rate in nearly neutral 
media are 


. [HBrO] = &,[HBrO]?([Bro™] 
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ond © [HBrO] = k,[Brz]*[OH" }*/[Br"}s 


with k, = 175-5 and k,=2-1x10”* respectively (units as above).° 

The first determination of the dissociation constant of hypobromous acid 
at 20° gave a value of 2-5 x 107*,**° but this was deduced indirectly from a 
study of the effect of pH on the decomposition of hypobromous acid, and 
cannot be considered more than a rough value. Electrometric titration of 
hypobromous acid with sodium hydroxide, using the glass electrode, gave 
2-06 and 2-1 x 10°° at 20° and 22° respectively.”®* These determinations have 
been criticized on the grounds that the neutralization is complicated by the 
formation of some bromate,** but the latest investigation indicates that the 
criticism is probably invalid. By measuring the change in pH (using the glass 
electrode) when hypochlorite solutions of pH between 7-21 and 8-09 reacted 
quantitatively with bromide, and by assuming pK for hypochlorous acid to be 
7-45, pK for hypobromous acid at 19° was determined as 8-70.° Electrometric 
titration against sodium hydroxide gives the dissociation constant at 5° as 
1-0 x 10°°.*° The dissociation constants of hypohalous acids and a large 
number of other acids have beendiscussed briefly by McGowan.*? This author’s 
value’* of AG$., = + 11-8kg.-cal. for the dissociation of hypobromous acid 
is based on an unspecified source; the value given above for 20° corresponds 
to AG$,, = + 11-9kg.-cal. 

Investigation of the hypobromite=-bromide formal oxidation=reduction poft- 
ential in 1-5N-sodium hydroxide shows that the potential varies by no more 
than 0-05V. over this range of alkalinity.** Hypobromites strongly catalyze 
the hydration of carbon dioxide;** how they act is not known. The oxidation 
of ammonium ion by bromine, 


2NH,; + 3Br, —> 6Br + N, + 8H", 
is believed to be due to the intermediate formation of hypobromous acid. This 
oxidizes ammonium ions much more readily than does molecular bromine; 
slight decomposition, with liberation of oxygen, takes place simultaneously, 
and the quantity of bromine consumed is therefore slightly greater than that 
indicated by the above equation.” Evidence for the existence of positive 
bromine ions in solutions of hypobromous acid is discussed on page 713. 


HYPOBROMITES 


A solution of sodium hypobromite suitable for the determination of urea 
may be prepared by adding 1 cc. of concentrated hydrochloric acid to 5+5 cc. 
of a solution containing 6g. of sodium bromate and 20-5 g. of sodium bromide 
in 100 cc. of water; the solution is shaken and set aside for several minutes, 
after which addition of 3+5 cc. of 30% sodium hydroxide solution produces 
10 cc. of reagent.*® Alternatively, 4 cc. of a 3N. solution of potassium brom- 
ate containing 10% by volume of sulphuric acid is slowly added, with stirring 
and cooling, to an equal volume of 3N-potassium bromide solution; 4 cc. of 
6N-sodium hydroxide is added, and after shaking, the precipitated potassium 
hydrogen sulphate is allowed to settle and the clear solution is decanted off.*® 

The stabilization of sodium hypobromite solutions by excess of sodium 
hydroxide has been investigated at different temperatures; addition of alkali 
in quantities greater than 50% excess has little effect.*? The decomposition 
is powerfully catalyzed by cupric ions, even in concentrations of the order 
likely to be present as an impurity in sodium hydroxide: in the presence of 
10 p.p.m. of copper, 42% of a sodium hypobromite solution (of unspecified 
concentration) decomposed in 24 hours at 36-37°** This result may be com- 
pared with a half-life of 20 hours at 30-35° for a 2N-hypobromite solution 
containing a 50% excess of sodium hydroxide;*’ in this experiment, however, 
no attempt to remove or detect traces of copper was made. Solutions of other 
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alkali metal hypobromites are also stabilized by the presence of excess of 
alkali.2* For biochemical purposes the deterioration of sodium hypobromite 
solutions stored in amber bottles is not serious in less than ten days at 18° 
or thirty days at 4°.*° 

The oxidation of mercuric cyanide by sodium hypobromite, the overall 
interaction being expressed by the scheme: 


Hg(CN), + 2NaOBr + 2NaOH -> HgO + 2NaBr + 2NaCNO + H,O 


has been variously suggested to involve direct oxidation of the undissociated 
cyanide to cyanate,”° and the reaction sequence:-”* 


Hg(CN), + 4NaBr -—> Na,HgBr, + 2NaCN |. 
2NaCN + 2NaOBr -—> 2NaCNO + 2NaBr 
Na,HgBr, + 2NaOH -—> HgO + 4NaBr + H,O. 


A satisfactory discussion, which would involve knowledge of the instability 
constants of the complex ions involved, has not yet been given. 
Sodium hypobromite reacts with hydrogen peroxide according to the equation 


NaBrO + H,O, = NaBr + H,O + O,, 


and has been used for the removal of hydrogen peroxide in studies on the rates 
of hydrolysis of peroxy-compounds.”* Sulphide is quantitatively oxidized to 
sulphate by excess of sodium hypobromite in the presence of 2-5 N-sodium 
hydroxide: 

ABOU See £4 iB reer O me 


The excess of hypobromite is conveniently determined iodometrically.*” 
Iodide is oxidized to iodate by alkaline hypobromite, 


att, SO) Ga slOs ae ites 


and the excess of hypobromite may be determined by potentiometric titration 
with arsenite.” For accurate volumetric work it is recommended that hypo- 
bromite solutions should be standardized twice daily.” Sodium thiosulphate 
solution, when run into an excess of potassium hypobromite, is quantitatively 
converted into sulphate; if the thiosulphate is present in excess some hydrogen 
sulphide is formed.”5 

Magnesium hypobromite is obtained in solution by the action of bromine on 
a suspension of magnesium hydroxide; it is unstable in light or above 40°. 
It is inferred from its action on certain aromatic alcohols that magnesium 
hypobromite is a more powerful oxidizing agent than the sodium salt.*” The 
stability of the solution remaining after treatment of bromine water with excess 
of solutions of silver salts depends on the silver salt used, e.g., the solution 
remaining after the interaction of bromine and silver acetate decomposes more 
rapidly than that produced from bromine and silver nitrate.7° These results © 
are probably connected with the stability of bromine cations (page 713) in the 
presence of different anions. 

A basic hypobromite having bactericidal and bleaching properties has been 
prepared by treating slaked lime with bromine (yielding a. dark red compound of 
formula CaOBr,,H,O), and heating the product at 100-105° until it becomes light 
yellow in colour.” Strontium hydroxide monohydrate reacts with bromine vapour 
forming a product which contains bromide and hypobromite; after exposure to 
moist air, however, only bromide and bromate are present. With bromine in 
carbon tetrachloride, strontium hydroxide octahydrate yields appreciable 
amounts a hypobromite, but with bromine vapour only bromide and bromate are 
formed.” 

The interaction of mercuric oxide and bromine is discussed in detail else- 
where (see page 747). 
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BROMOUS ACID AND BROMITES 


The formation of bromous acid as an intermediate in the decomposition of 
hypobromous acid made from bromine and silver nitrate solutions has been 
demonstrated by determining the oxidizing power of the solution towards arsenite 
in the presence of bicarbonate and acidified iodide, and the total bromine 
content.” Hypobromite and bromite (but not bromate) oxidize arsenite in the 
cold; all three oxy-ions oxidize acidified potassium iodide solution. In these 
oxidations bromite is reduced to bromide: 


BrO; + 4H* + 4e = Br” + 2H,O. 


The formation of bromous acid in dilute solutions in the absence of a large 
excess of silver salt has been confirmed; when hypobromous acid solutions 
are allowed to decompose, the concentration of bromous acid present rises 
during the first few hours and then drops, becoming zero in 150 hours at room 
temperature.°® f 

Very little is known about the physical or chemical properties of bromous 
acid, and no solid bromite has yet been prepared. 


BROMIC ACID AND BROMATES 


Alkali metal bromates may be produced by a continuous electrolytic process 
from an aqueous solution containing the alkali metal bromide and an alkali 
metal chromate as a depolarizer, the resulting bromate being substantially 
free from discolouration due to the chromate.*™** The alkali metal hydroxide 
produced at the cathode is allowed to mix with the halogen produced at the 
anode and the solution is recirculated, the temperature being allowed to rise 
sufficiently to keep the bromate in solution; on allowing the solution to cool 
the bromate crystallizes out. To obtain colourless bromate from material 
contaminated with chromate, the compound in solution should be treated with 
metallic zinc before crystallization. ** 

The diamagnetic susceptibility of the bromate ion is variously reported as 
BOs TO. rand 34¢1.-10°° .9,5.-units: °° 

The viscosities of solutions of bromic acid and of mixtures of bromic acid 
with sodium and potassium bromates have been determined in the concentration 
range 0-2N. and for temperatures between 8° and 25°C.*° and are presented in 
the form of viscometric titrations of sodium and potassium hydroxides with 
bromic acid. The apparent molal volume of the bromate ion inaqueous solution 
at infinite dilution and 25° is reported to be 36-4c.c. per g.ion; the’ correspond- 
ing value for the bromate ion in solid potassium bromate is51+1 c.c.per g. ion.*” 
The average value for the conductivity of the bromate ion at infinite dilution 
and 25° is 55-8 ohm™*cm?.*°**5 The absolute ionic velocity of the bromate ion 
at 18°, measured by means of Whetham and Nernst’s ionic transport apparatus, 
is given in Table I.*° 


TABLE L- ABSOLUTE IONIC VELOCITY OF BROMATE ION AT 18° 
i ae es Us Mins 
356-5 4041 430-1 4487 459-1 


Normality 


V X 10’ cm./sec. 


Bromates are insoluble in absolute acetone, except for lithium bromate which 
is slightly soluble, the solubility decreasing with temperature.**® A value for 
the anisotropy coefficient of the bromate ion in solution, obtained from the 


Rayleigh scattering, is given as 15 x 10°*. This compares with 24 x 107° for 


the nitrate ion and 75 x 107° for the carbonate ion.*® The heat of hydration of 


the bromate ion (relative to K* = 74kg.-cal.) is reported as 74 kg.-cal.g.-ion"!.44 
It is reported that there is no exchange of radiobromine between bromide and 
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bromate; this is in agreement with results obtained for other oxy-ions.*? 
The reaction of bromic acid with hydrobromic acid is represented by the 
scheme: 
BrO; + 5Br* + GH* -> 3Br, + 3H,O. 


The rate-determining step is 
BrO; + Bry + 2H* -» HBrO, + HBrO. 


In accordance with this, at high concentrations and in the presence of excess 
hydrogen ions the reaction is found to be of second order and the rate is 
given by:*° 


-4 [Br0;] = [BrO}][H*T{3001Br"1+341BF ) 


The oxidation of arsenious acid by bromic acid in the presence of excess 
of hydrogen ions is a second order reaction and is autocatalytic with an in- 
duction period. The accelerating factor is bromide ion, and it appears that 
the arsenite is oxidized by the products of the reaction between bromic and 
hydrobromic acids. The initial production of hydrobromic acid must, however, 
be due to the interaction of arsenious and bromic acids. The effect of adding 
other acids to the reacting mixture is proportional to [H*]?; but with the 
halogen acids there is, as would be expected, a double effect due to the simul- 
taneous addition of halide and hydrogen ions.**”*’ 

At low concentrations the reaction between bromic and hydrobromic acids 
is of the fourth order and the rate law at 25° is given as: 


~ £ [BrO;] = [Br0z] [H* }? {300 [Br] }. 
In the presence of perchloric or sulphuric acid solutions at 25°, where the 
total ionic strength is less than 0-2, the rate is given by: 
d : Cure J 
a [BrO3] = 540 + 15 [BrOz] [Ht ]? [Br ye 


In this case the energy of activation is 16-0 + 0-3 kg.-cal., and by the intro- 
duction of the activity coefficient the values of k for sulphuric acid solutions 
agree with those for perchloric acid solutions.*%? 

_ In the presence of phenol the reaction 


BrO; + 2Br° + 3H* ->+ 3HBrO 
occurs with measurable velocity, in addition to 
BrO? + 5Br° + GH* -> 3Br, + 3H,O, 


and there is direct oxidation=-reduction between bromic acid and phenol.** 
At low concentration ([H*] < 0-4N.) the autocatalytic reaction between bromate 
and hydrogen peroxide proceeds according to the scheme: 


BrO, + 3,0), > Bt t 3H. 50s, 
Results for the reaction at 25° in the dark agree well with: 


~§, [Br03] = &,[Br0;][H,0,](H"] + &,{Br03] [Br] [Ht }, 


where k, = 0-026 + 0:004 and k, = 99 + 2 for the reaction in 0-12 N-sulphuric 
acidea 

In the oxidation of phosphorous acid by potassium bromate the induction 
period is approximately inversely proportional to the concentration of either 
reagent, decreases with rise in temperature or with the addition of is opropyl 
alcohol, and increases with the addition of n-propyl alcohol; it is unaffected 
by cations, is decreased by maleic, d-tartaric and I-tartaric acids and in- 
creased by fumaric acid.*° The analogous reaction between bromate and 
hypophosphorous acid shows similar variations in the induction period. This 
varies inversely as the concentration of either of the reactants and is dimin- 
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ished by rise in temperature or by the addition of methyl, ethyl and isopropyl 
alcohols or glycerol; n-butyl and isopropyl alcohols shorten the induction 
period to about the same extent. Sulphate ion and also n-propyl alcohol in- 
crease the induction period, whereas chloride, bromide, thiosulphate, thio- 
cyanate, dithionate and collodial sulphur sols reduce it greatly.™ 

The reaction between bromate and deuterium iodide in 95% D,O has been 
studied and is found to be somewhat faster than the analogous reaction with 
hydriodic acid.5* 

The reaction of chromium sesquioxide with alkali halate is autocatalytic 
and proceeds according to the scheme: 


Gt Ort OK BrO pF age) > 23K Gr,0,4 4Cr0,,aq.4 + 3Br;. 


The reaction is apparently catalysed by hydrogen ion and although it does 
not go to completion at 18° is very rapid at 100°. The reaction is retarded by 
adding bromide and is stopped completely by the removal of hydrogen ion, for 
example by alkalis or alkali carbonates. Thus chromium sesquioxide, potas- 
sium bromate and calcium carbonate heated under reflux do not liberate any 
bromine.**-*° 

The reaction between potassium bromate and sodium nitrite in aqueous 
solution acidified with potassium bisulphate proceeds according to the equation: 


Rate =[k, + £,(S)7][Bro;]?, 


where S is the concentration of acid, k, is the velocity coefficient for the 
unaccelerated reaction between bromate and nitrous acid and k, the accelera- 
tion coefficient of the reaction by acid.°’ The reaction is unaffected by 
changing the bromide ion concentration.™® 

The reduction potential of 0-001 N-bromate solution at a dropping mercury 
-electrode in 0-1 N. solutions of electrolytes is ~1-66V. in the presence of 
univalent cations (Na, K),-1-31V. for bivalent cations (Ca, Sr, Ba) and -0-63V. 
for the trivalent cation, La. In acid solution the value is -0-16V. Bromate 
ion can be determined by the polarographic method in the presence of chlorate, 
iodate, nitrate and nitrite.*’ The waves produced by the polarographic reduc- 
tion of bromate in acidic, neutral and alkaline solution have been studied and 
the reduction is irreversible; the relation between the potential, the value of 
iqat 


~“-—, and the concentration of the cation (M) is given by:-°*? 


7=m, +a log a + b log M. 

No satisfactory explanation has been given of the catalysis of the reaction 
between silver and bromic acid by ferric sulphate.® 

In boiling acidsthere is no appreciable decomposition of potassium bromate 
in 5 minutes for solutions of 0:025 N-potassium bromate in 0-3 N-perchloric, 
nitric or acetic acids; it is less stable in sulphuric and phosphoric acids. 
For determining small concentrations of bromide as impurity in samples of 
potassium bromate, however, the slight decomposition which does occur on 
boiling with sulphuric or nitric acids may liberate as much bromine as is 
liberated by the trace of bromide present as impurity, thus rendering the method 
unreliable.°%** Potassium bromate is highly suitable for use as a primary 
standard in volumetric analysis;®’ bromate=bromide standard solutions may be 
prepared directly by weighing or may be standardized against arsenious oxide 
or standard sodium thiosulphate solution.®© 

In liquid hydrogen fluoride, bromates react with the evolution of bromine 
and oxygen.®* With bromine trifluoride, bromates evolve oxygen quantitatively 
and are converted into fluorides or bromofluorides.® 

Leucofluorescein may be used as a reagent for detecting traces of oxidize 
ing agents; the sensitivity is 4:5y for bromate ion and the limiting dilution 
1 in 7 x 10° in acidic solution.” 
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The adsorption of bromate ions on alumina, ferric oxide and chromium 
sesquioxide has been investigated and the order of adsorption of anions is 


given as follows:-7%s”° 
On ALO; : CNS >NO> 7 BrOy1Ot a Peccn). C0. 
On BGOi2 © gr ONSie BeOnaGN ba OneelO waned 
On Cr,O; : BrO, > 10, “NOG, Nee ee 


LITHIUM BROMATE 


The solubility of lithium bromate in water has been measured in the tem- 
perature range —45° to 143° and the relative viscosity determined for concen- 
trations of 10-50%. Below 52° the stable phase is the monohydrate and above 
52° it is the anhydrous salt. The transition point obtained from a series of 
results is 508°. The solubility is given in Table II. 


TABLE Il.- SOLUBILITY OF LITHIUM BROMATE IN WATER 


5 15 25 35 50 53 56 70-585 100 
61-6 63:3 65-4 67-5 71:5 724 726 743 762 78-0 | 
| <- LiBrO,.H,O > <—+— Libro, >| 


tr? 


g./100 g. sat. soln. | 
stable phase 


The saturated solution at 143° contains 84-6% of anhydrous salt. A eutectic 
is formed at ~47° and contains 545% of the anhydrous salt. Lithium bromate 
readily forms supersaturated solutions which remain as syrups down to -70°. 
It melts at 248° with some decomposition; extrapolation of the solubility curve, 
however, would indicate a melting point of 260°. 

Anhydrous lithium bromate forms crystals belonging to the rhombic or mono- 
clinic systems; the monohydrate crystallises in the rhombic system. 

A solution of lithium bromate, saturated at room temperature, cooled to 
-50° for several hours, and allowed to warm to room temperature slowly, con- 
tains a crystalline deposit of the dihydrate; this loses water when heated 
above 60 = 70°77 

The molar magnetic susceptibility of lithium bromate, measured on the 
solid, is -39 x 10°° c.g.s. units and measured in aqueous solution is -38-7 x 
LOSS eles. unicsas 


SODIUM BROMATE 
The solubility of sodium bromate has been measured between 5° and 
100°.7%*°8 The values obtained*™ are given in Table III. 
be TABLE IIl.- SOLUBILITY OF SODIUM BROMATE IN WATER . 
De 5 A eS ils 20 25 30 35 40 50 100 
density of. 
eat aaclt 16194 16211 1-232 1-248 1-257 1-284 1-288 1-310 — _ 


g./ 100 g, 
sat. soln. 


21-42 23-24 2494 26-69 28-29 29-85 31°35 32.8 35-55 476 


Jones and Froning obtained a value 2612 moles/1. for the solubility at 
25° by Scatchard’s method: this compares with 2-615 moles/l. obtained from 
Ricéi’s results.*” | 


In a water-deuterium oxide mixture containing 91-59% D,O the solubility of 


sodium bromate at 5° is 2»899 moles/100 moles solvent.7® In liquid sulphur 


dioxide at 50° under pressure sodium bromate is only slightly soluble (between 
0-01 and 0-1%),*° 
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The elastic constants of the sodium bromate crystal have been measured™ 
and are quoted in Table IV. 


TABLE IV.- ELASTIC CONSTANTS OF CRYSTALLINE SODIUM BROMATE 


ena Cy Cy, Say Fae 44 
x 10°!) dyne, cm?? x 1043 cm.? dyne™! 


Bridgman 
SHAR SO 6-16 | 2-356| 1-54 
Sundara Rao ° 1-50 


The compressibility of sodium bromate up to 25,000 eee cm. has been 
measured at 30° and 75°- 
TABLE V.- COMPRESSIBILITY OF SODIUM BROMATE 
Av/V% 0-0071 0-0171 0.0320 0.0450 0.0567 0.0673] 
5000 10,000 15,000 20,000 25,000 


Pressure 
kg./ cm.” Zu? 


Measurements have also = made in which hydrostatic pressures of up to 
50,000 kg./sq.cr cm. have been combined with shearing stresses to the point of 
plastic flow.” 

Sodium bromate shows a piezoelectric effect which has been measured in 
the temperature range 28°-240°.°° The temperature coefficient of the piezo- 
electric constant is found to be about one hundred times that of the coefficient 
of thermal expansion, which is given as 28-6 x 10°°.®* This is much lower 
than other values quoted:-**”° 


= ; -40 to 0° 0° to 50° 365° 50° t0-900 Pe 5 285s3° 
coefficient 37-5 107° 39-2»%10°° 39-2107 41-7 107° 47.24 x 107° 
reference 84 84 90 84 90 


The thermal expansion may be represented by the equation™ 
Al/l = a(t=25) + b(t=25)? 
where a = 3-94 x 107°; b= 1-0 x 10°, 


The dielectric and piezoelectric constants of sodium bromate, measured on the 
solid, have been presented graphically, and the dielectric constant is given by 
the equation: ** 
323 
K= 4.87 + (== re ve 

By high frequency measurements in dilute aqueous solutions a value of 45 is 
obtained for the dielectric constant.**° For the magnetic birefringence in con- 
centrated solution a value of -0-1l has been quoted for sodium bromate, after 
correcting for the diamagnetism of the solvent.*° 

The atomic arrangement in the optically active crystal of sodium bromate 
has been discussed with reference to the theory of Born.*”*°* The magnetic 
rotation of the plane of polarisation (Faraday effect) has been measured at 
0° for A = 546 mp:** the value obtained for the Verdet constant is 0-0175 min. 
of arc and the molar rotation (relative to H,O = 1-0) is 6-21.°° 

The entropy of sodium bromate under ‘standard conditions has been esti- 
mated** as $9,, = 3107 + 1-0g.-cal.deg:* mole™* 

The conductivity, osmotic coefficients and activity coefficients of sodium 
bromate in solution at 25° have been determined as follows (see Table VI and 


Table VII). 
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TABLE VI.- EQUIVALENT CONDUCTIVITY OF SODIUM BROMATE 
IN SOLUTION AT 25°.*° 


0.000508 0-001053 0-010836 0.05728 0-1058 0.4819 
104-12 103-28 97-97 89.97 85-93 75°07 


moles NaBrO,/1. 


equiv. cond. 


TABLE VII.- OSMOTIC AND ACTIVITY COEFFICIENTS OF 
SODIUM BROMATE IN SOLUTION AT 25°.7&%5 


moles NaBrO,/1.|0-1 0-2 08 0-8 10 16 20 25 


osmotic 0-918 0-896 0-883 0-865 0-833 0-808 0-800 0-792 


coefficient (¢) 
activity 0-758 0-696 0-657 0-605 0-528 0-473 0-450 0-426 
coefficient (y) 


The dissociation constants obtained from conductivity data at 18° are:-°° 


m a K 


NaBrO, 0-05 0.991 3.6 
0-10 0-983 343 


The heats of dilution at concentrations less’ than 0-1 N, at 25° are found to be 
in agreement with the activity coefficients.*” : 

Sodium bromate crystallizes in the cubic system and X-ray investigation 
shows it to have space group 7*=P2,3; the unit cell contains four molecules. 
The sodium and bromine atoms are said to be displaced slightly from the 
positions they would occupy in the true NaCletype structure. The atomic 
parameters have been measured by several investigators®**® and there is 
some disagreement in the values quoted: 


TABLE VII. - ATOMIC PARAMETERS OF SODIUM BROMATE 


Reference 


0.500 


0-300 
0-258 


Interatomic distances Na=O = 2-38, BreO = 1-78 and O=O = 2°95 A. with 
the bromine atom 0.53 A. above the Bae of the oxygen atoms Tene the bond 
angle 111°48" are reported.*°* This BreO distance is greater than those 
reported in much earlier investigations.?*® 

Sodium chlorate and sodium bromate form a complete isomorphous series 
of cubic crystals, the cell dimensions varying from 66559 A, for 100% NaClO, 
to 6-719 A, for 100% NaBrO,.°°"'* Sodium and potassium bromates do not 
form solid solutions. 

It has been suggested that there is a change in the lattice construction of 
sodium bromate crystals grown in a solution of a dye which is selectively 
adsorbed. In certain cases this results in a modification of the normal 
crystal habit and small variations in cell dimensions have also been noted.*® 

Sodium bromate crystallizedin the presence of lead bromate or a lead salt 
may contain up to 0:01 mole-% of Pb(BrO,),. This inclusion is apparently 
accompanied by a change of crystal habit.*** 

Cryoscopic measurements on sodium bromate solutions using a differential 
method have led to results in good agreement with the peony canaen es theory 
at low concentrations.*”° 

Solubility and density determinations in the ternary systems: 

NaBrO,~NaCl-H,0 (at 10° and 259), 
NaBrO, y7NaBr-H ‘0 (ato10°-75 Sand 45°), 
NaBrO -Nal-H, 6 (at 259) and NaBrO,-Na,SO,-H,O (at 25°) 
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have given the following results:*% 


TABLE IX.- DETERMINATIONS OF SOLUBILITY AND DENSITY 
IN THE SYSTEMS NaBrO,-NaCl-H,0, NaBrO,-NaBr-H,0O, 
NaBrO,-NalI-H,O and NaBrO,- -Na,SO,-H, O. 
NaBrO,-NaCl-H,0O:- 


density of sat. soln. at 10° 1-211 1-192 1.213 1-229 


NaCl g./100 g. soln. 0-00 9.84 20-75 23-61 
NaBroO, g./100 g. soln. 23-24 12-75 6-41 5-32 
density of sat. soln. at 25° 1.241 1.225 1.234 | 1.247 
NaCl g./100 g. soln. 3-76 9.98 17-55 23.94 
NaBrO, g./100 g. soln. 23-73 16-31 10.34 6-92 


| NaBrO,-NaBr-H,0:- 


density of sat. soln. at 10° : ; 1-240 
NaBr g./100 g. soln. . 11-10 
NaBrO, g./100 g. soln. : : 14.46 


density of sat. soln. at 25° ‘ . 1-282 
NaBr g./100 g. soln. . 13-82 
NaBrO, g./100 g. soln. 16-72 


density of sat. soln. at 45° | not given 
NaBr g./100 g. soln. ° ‘ 28-69 
NaBrO, g./100g. soln. . 11-17 


| NaBrO,-Nal-H,0:- 


density of sat. soln. at 25° 
Nal g./100 g. soln. 
NaBroO, g./100 g. soln. 


| NaBrO,-Na,SO,-H,0:- 


density of sat. soln. at 25° 
Na,SO, g./100 g soln. 
NaBrO, g./100 g. soln. 


The ternary systems NaBr-NaBrO,-H,O es 35°), NaBrO,-NaHCO,-H,O fe Zoe 
and 35°), NaBrO,-Na,CO,-H,O ae 80), NaBrO Cae -H,O Ee 5°, 25° and 
30°) and the yee Si eeme NaBr-NaBrO,-NaHCO,-H 0 (at 25° and 35°) 
and NaBr=-NaBrO,-Na,CO,-H,0 (at 80°) have ee investigated and the system 
NaMoO,-NaBrO ae 50 ee 259) has been considered in relation to the effect of 
ogden of molars by I” and S,0,°~ on the determination of bromate in the 
presence of molybdate,**4**11?7 
The system NaBrO,-Na,SO,-H,O above 30° forms a single solid solution 
containing up to 18. 5% of bromate (at 52°); this is thought to consitute a 
further type of solid solution not previously classified by Roozeboom.?® In 
the system NaBrO,-NaClO,-H,O (at 25° and 50°), the solubility curve :ppears 
to indicate the following elie phases:- (i) pure sodium bromate, (ii) a solid 
solution containing up to 5- 10% sodium chlorate in sodium Bromare: (iii) a 
solid solution containing from 0to65% of sodium bromate in sodium chlorate ?° 
From their study of the ternary system NaBr-NaBrO,-H,0, Klebanov and 
Basova suggest that sodium bromate is best prepared from solutions containing 
sodium bromide by evaporation to the point of crystallization followed by 
cooling to 10°; the systems 


NaBr-NaHCO,-H,O, NaBr-Na AG GyCis Op NaBrO,-NaHCO,-H,0O, 
NaBrO,=Na CO ia <9 NaBr-NaBr0.-NaHCo, -H,O, NaBr-NaBrO, ONE {eos -H,O 
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have also been studied and methods for obtaining the pure bromate from solu- 
tions containing bicarbonate or carbonate are suggested.*** 

With hydrogen in a silent electric discharge sodium bromate is reduced to 
sodium bromide;*°® magnesium amalgam has a similar effect.*°? Among many 
suggested uses for sodium bromate is that as an oxidizing agent in the per- 
manent waving of human hair: the probable reactions which take place have 
been discussed?** . 

From measurements of the heat of dilution of dilute solutions of sodium 
bromate at 25° a value for the heat of formation in aqueous solution at infinite 
dilution, Of = 68-68 kg.-cal./mole, has been obtained.**” 


POTASSIUM BROMATE 


The preparation of potassium bromate by the electrolysis of potassium 
bromide solutions using carbon electrodes has been investigated.**® Untreated 
carbon electrodes were found to disintegrate rapidly; by filling the pores of 
the electrodes with paraffin, however, their life was extended considerably 
and the small quantity of carbon particles appearing in the solution after pro- 
longed electrolysis could be filtered off easily. The efficiency of the cell, 
on the basis of bromate produced, using a depolarizer to raise the yield, was 
found-to be higher than with platinum electrodes. 

The solubility of potassium bromate in water between 5° and 50° has been 
measured;*® the results are given in Table X. 


TABLE X.- SOLUBILITY OF POTASSIUM BROMATE IN WATER, 5-50° 


density of 


1-024 1-035 1-042 1.048 1.054 1.062 1.074 1-083 
sat. soln. 


g./100 g. 


3°642 4-510 5-397 6-460 7-533 8-785 10-13 11-58 13-08 14.69 
sat. soln. 


The solubility of potassium bromate between 134° and 312° has also been 
measured and is as follows:**’ 


_ TABLE XI.- SOLUBILITY OF POTASSIUM BROMATE IN WATER, 134-312° 
a a 134 149 160 170 186 204 226 249 265 279 297 312 
43.6 484 511 541 59-9 642 70-6 72:6 772 81-1 83-1 86.4 


g./ 100 g. 
sat. soln. 


Solubility and equilibrium data have been measured in the ternary systems: 


KBrO,-KBr-H,O (between 0° and 80°), KBrO,-KI-H,O (at 25°) 
KBrO,-KNO,=H,0 (at 25%), KBr0,-K,SO,-H,0 (at 25%, 


results being shown in Table XII‘**® (see page 761). In none of these 
systems was there any evidence of double-salt formation. 

In the system KBrO,~KCIO,-H,O, investigated at 25°, the two salts were 
found to form solid solutions containing up to 3% of potassium chlorate in 
potassium bromate and 5% of potassium bromate in potass um chlorate, the 
series of solid solutions being apparently discontinuous.* The solubility 
of potassium bromate in mixtures of water and deuterium oxide was measured 
at 25° and the ratio of the solubilities in D,O and water, expressed in moles 
of potassium bromate per 55-51 moles of solvent, is found to be 0-895,**9 
Potassium bromate is soluble in liquid ammonia to the extent of 0-002 g. /100 g. 
solvent at 25°.?° It is insoluble in ethylenediamine,’ soluble in liquid 
sulphur dioxide**? and appreciably soluble in phosphorus oxychloride.” 

The effect of additions of lithium chloride on the solubility of potassium 
bromate in ethyl alcohol of dielectric constant 2547 was studied over the 
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TABLE XII,- DETERMINATIONS OF SOLUBILITY AND DENSITY 
IN THE SYSTEMS KBrO,-KBr-H,O, KBr0,-KI~H,O, 
KBrO,-KNO,-H,O and KBrO,-K,SO,-H,O 


KBrO,-KBr-H,0:- 


density of sat. soln. at 25° 
KBr g./100 g. soln. 
KBrO, g./100 g. soln. 


K BrO,~KI-H,0:- 


density of sat. soln. at 25° 
KI g./100 g. soln. 
KBrO, g./100g. soln. 


KBrO,~KNO,-H,0:- 


density of sat. soln. at 25° 
KNO, g./100 g. soln. 
KBrO, g./100 g. soln. 


KBrO,-K,SO,-H,0:- 


density of ‘sat. soln. at 25° 
K,SO, g./100 g. soln. 
KBrO, g./100 g. soln. 


concentration range 10°* to 10% mole/litre. The results showed the activity 
coefficient to be given by log f = 3-761” and to be unaffected by the radius of 
the ions or by the properties of the solvent other than the dielectric constant.'”® 

The conductivity and dissociation constant of aqueous solutions of potas- 
sium bromate have been measured;*%**#?5 thus values reported for the equi- 
valent conductivity are: 


moles KBrO,/l. 0-1477 0-0936 0-0491 0.01107 0.001051 0.000544 
A 10306" GhOZ5 ¢ 112+3, 4:120.4 126-43 127-27 


and the change with temperature in values of the equivalent conductivity at 
infinite dilution is illustrated by the following results:- 


fs 0 18 25 100 
Die 68-2 107-1 129-36 338.05 
reference 124 124 125 124 


The dissociation constant K = 4 was obtained from several experiments.‘?5 
Osmotic and activity coefficients, given in Table XIII, have been cal- 
culated from data on isotonic solutions:°5??7 


TABLE XIII. - OSMOTIC AND ACTIVITY COEFFICIENTS 
OF POTASSIUM BROMATE 


Concentration 
moles KBrO,/1. 


Osmotic 
coefficient (A) : 
athe e 0.702 | 0.674 |0-625 | 0-585] 0.552 
coefficient (y) 


In solutions of potassium bromate at low concentrations crysocopic data, ob- 
tained by a differential method, were found to be in good agreement with the 


0.8944! 0-881 | 0-85 


lee) 


Refs. p. 770 


762 BROMINE 26 
Debye-Hickel theory.*7° The solubility product of potassium bromate has been 
measured in solutions of alcohol containing 6% water and the results obtained 
were plotted to show that log. solubility product versus 2 (where p is the 
ionic strength) is a linear function. #28 

The viscosity of solutions of potassium bromate (Table XIV) between 0-1 
and 0-002 molar has been determined at 25° and is given’*® by:- 


be : iA 
Tcomputed <2 ] es 0 0058 c2 0 0008 Gis 


TABLE XIV. - VISCOSITY OF SOLUTIONS OF POTASSIUM BROMATE AT 25° 


0-002 0.005 0-010 0.020 0-053 0-100 


7 observed | 1.00026 1-00045 1.00059 1.00077 1.00125 1.00176 | 

7 computed | 1.00026 1.00040 1.00057 1-00080 1.00129 1.00175 | 
Accurate measurements of the densities of dilute aqueous solutions of potas- 
sium bromate have been used to determine the total volume change which 


occurs on solution. The contraction on dissolving one mole of potassium 
bromate in an infinite volume of water at 18° has been calculated from these 


data as /-Scc 


The entropy of potassium bromate, calculated from heat capacity data, is 
35-65 + 0-1 g.-cal.deg?*mole™?.**? Using a value of 0-50 for the activity coef- 
ficient of potassium bromate in a saturated solution and data for the heat of 
solution obtained by Stackelberg, the entropy of the bromate ion in a molar 
solution is calculated as 37-4 + 1:0 g.-cal.degztmole™. This is in poor agree- 
ment with the earlier value obtained from data for barium bromate;*” but by 
recalculating these results, using a revised value for the entropy of the barium 
ion, a value of 38-7 g. sei .degztmolet? is obtained for a molar solution of 
bromate ions. 

The molar magnetic susceptibility of solid potassium bromate is -52. 6 x 
10°° c.g.s. units.** Potassium bromate shows a definite piezoelectric effect.® 
Its dielectric constant has been measured and a value of 7.3 has been ob- 
tained.*** High frequency measurements of the dielectric constant in dilute 
solutions (less than 0-0015 g.equiv./litre) gave a value of 60 for potassium 
bromate.*° 

Commercial potassium bromate has been found to exhibit a very slight 
triboluminescence, which is perhaps due to potassium chloride, potassium 
iodide, potassium chlorate and potassium iodate which have been found as 
impurities. If traces of these are added to pure potassium bromate, however, 
no luminescence results. The systems KBrO,-KCIO,, KBr; a7 KIO, showed no 
effect and KBrO,-KCl, K3r0;-KI only a very slight effect.*? 

Morsiolantce ly. potassium bromate belongs to the trigonal system (pseudo- 
cubic, CsCl type) and X-ray studies. show it to have space-group C3,-R3m with 
Z_= 1, r = 4.403 + 0-005 A. and a = 86°90’ +5’... The atomic parameters are 
t= 0. 500 + + 0-015, uw = 0-58 + 0-03 and v = 0-125 + 0. 03. The interatomic dis- 
tances are quoted as K-O = 2.67A. and 3-11 A.; Br-O = 1-68 A,*3%"37 The 
systems KBrO,-NaBrO, Sia KBrO,-KCI1O,, investigated by X-ray eet ah 
were found not to form solid solutions.1™ 

The reactions that occur when potassium bromate is melted with potassium 
iodide in molecular ratios 1:2 and 1:1 have been studied quantitatively. This 
reaction is slower than the analogous reaction with chlorate and the heat 
change is less.*** 

The reaction 2KBrO, + I, = 2KIO, + Br, has been fheearered and found 
to take place directly Mithoue the pdcirieg of catalysts and without the forma- 
tion of free acid.**? The further reaction 2KI + Br, = 2KBr + I, takes place 
in the presence of potassium iodide. With the latter in excess over potassium 
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bromate the quantity of free iodine remains unchanged; with excess of potas- 
sium bromate, free bromine is formed.**® Excess of potassium bromate reacts 
with selenium monochloride to liberate halogen and produce selenium dioxide.*** 

Reactions between solid potassium bromate and various compounds and 
solid elements have been studied.**7*** Potassium bromate was allowed to 
react with sulphur, selenium and tellurium in ‘an atmosphere with a relative 
humidity below that corresponding to a saturated solution of the most hygro- 
scopic component. The reaction is thought to be initiated by a minimum 
quantity of water adsorbed on the crystal surface; ions in this film are able 
to give rise to reaction by direct contact with crystals of the other reactant. 
A vigorous to violent reaction results at room temperature under these con- 
ditions, the order of activity being Se>S>Te. The reaction is thought to 
proceed by a mechanism such as:- 


Ce Set 2H Oa SOs) 2H > 

Gi -3h, + KBrO, >" KBr + 3H,0 
Giij2SO, otek BrOo.c. > 350,: $9 K Be 
GK sO.) ek 50) 4 Br, +50, 


The effects of the products of decomposition of bromic acid on sulphur were 
investigated and mixtures of sulphur with potassium bromate were treated with 
a drop of concentrated sulphuric acid, with sulphur dioxide, with disulphur 
dibromide and with bromine. An explosive reaction was obtained only in the 
presence of water, and not with addition of bromine. Disulphur dibromide 
reacted to give bromine and a sulphate. A further mechanism based on the 
formation of disulphur dibromide and its subsequent. hydrolysis has been 
postulated;*** this reaction liberates sufficient heat to raise the temperature 
of the mixture to a point where rapid reaction occurs. With sulphuric acid 
there was found to be a concentration limit below which combustion does not 
occur: 

The induction period in the interaction of potassium bromate and stannous 
chloride in aqueous solution decreases linearly with increase in temperature.'*° 

The separation of cations from anions according to the reaction: 

HtA” + Kt + BrOl; = KtA™ + Ht + BrO3, 
where A™ is one equivalent of adsorber, using the Permutit ion-exchange 
adsorber ‘Zeo-Karb’ in 0-1 N. solution at a pH™4, resulted in the reduction 
of the bromate ion.*4’ 

In the electrodeless discharge potassium bromate has been found to give 
potassium hypobromite and potassium bromide together with some bromine 148715° 
The use of potassium bromate instead of nitrogen trichloride (Agene) for 
bleaching flour has been suggested as the danger of explosion in the latter 


case is high. The potassium bromate is premixed with starch to ensure proper 
mixing with the flour.** 


RUBIDIUM AND CAESIUM BROMATES 


Rubidium and caesium bromates have been prepared by adding the metal 
hydroxide, obtained by the action of barium hydroxide on the metal bisulphate, 
to a solution of bromic acid. This was prepared by the action of bromine on 
silver bromate in a large amount of water. Excess of bromine was removed 
by a current of air continued for 1-2 days. The bromates were obtained 
in small, but well defined, crystals with no water of crystallization. ee 

The melting points of the two bromates are: rubidium bromate, 430°; caesium 
bromate, 420°. Their solubilities in water are:'5? 


ie Dea a3) 40 
RbBrO, g./100g.H,O 2-93 3-55 428 5-08 
CoO. 100g... 3-66 4-53 5.32 — Refs. p. 770 
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Investigated morphologically, both bromates appear to crystallize. in the hexa- 
gonal system. Their refractive indices, determined by a comparative method, 
appear to lie between pw = 2-144 and pw = 2-22 but have not been determined 
absolutely.*53 A value of ~75-1 x 107° c.g.s. units has been obtained for the 
molar magnetic susceptibility of caesium bromate.** 


COPPER AND SILVER BROMATES 


The paramagnetic absorption of copper bromate, Cu(BrO3;),,6H,O at 78 
megacycles/sec. and at 90° and 77°K. has been determined.’®* The static 
susceptibility was found to be 2-44 Bohr magnetons per ion and the spin 
relaxation time, (5 = 7-1 x 10°? sec. The paramagnetic dispersion of the salt 
was also investigated: no dispersion could be detected at 77°K. up to v= 
13-2 x 10° Hz. and H = 3200 oersted.?™” 

The solubility of silver bromate in the systems AgBrO,-M,SO, or MNO,-H,O 
(for K,SO,, Mg(NO,),, Ba(NO,),, Na,SO,, CdSO,, Ce(NO,),, KNO, and MgSO,) 
has been recorded and the results are found to be approximately in accord with 
with the Lewis and Randall formula, a= fev’), where ais the activity of the 
ion and c and v are the molality and valence of each ion. Variations of up to 
10% from the expected values were found. 154 Measurements of the solubility 
of silver bromate in the systems AgBrO, =M(NO 327H,O (M = Mg, Ca, Sr, Ba) 
have afforded the following results at 25%-** 


TABLE XV.- SOLUBILITY OF SILVER BROMATE (MOLAR x 107?) 
IN AQUEOUS SOLUTIONS OF NITRATES 


Mg(NO,), _| Ca(NO,), Sr(NO,), Ba(NO,), 
1-33 
1-81 


Values obtained for the solubility of silver bromate in water at 25° show 
a wide variation; thus values of 0-00806 mole/I.,*** 0.00813 mole/1.,57 0-00812 
mole/1.,1°° 0. 00827 mole/1.,*6° 0.00999 mole/1., 154 Q, 00995 mole/1., 153 Lave been 
given for this quantity at various times. The system AgBrO, -NaBrO 37H,O has 
been investigated at 5°, 25° and 30° and the salts are found to form a Gevautes 
AgBrO,,NaBrO, which forms a continuous range of solid solutions with silver 
bromate. Sodium bromate also forms a solid solution with silver bromate 
containing up to 2-5-3-0% of the latter. These results have been used to 
explain the variation in the reported values for the solubility of silver brom- 
ate.*** 

The solubility of silver bromate in binary mixtures of water with methyl 
alcohol, ethyl alcohol, isopropyl alcohol, n-propyl alcohol, acetone, ethylene 
glycol, glycerol, mannitol and glycine at 25° has been determined and the 
results, given in Table XVI, indicate that the Born equation is inadequate.***"*” 


0-3 M. soln 
1-0 M. soln 


e e 
° e 
ca 2 


TABLE XVI.- SOLUBILITY OF SILVER BROMATE IN MIXTURES 
OF ORGANIC. SOLVENTS WITH WATER AT 25° 


Wt.-% organic 
solvent 


Methyl 
alcohol; d4s 0-9802 


| Of solvent 
Millimoles 


AgBrO, per 
litre sat. soln. 


Refs. p. 770 


~ 


26 OXIDES AND OXYACIDS 765 


TABLE XVI.- SOLUBILITY OF SILVER BROMATE IN MIXTURES 
OF ORGANIC SOLVENTS WITH WATER .AT 25° continued: 


| O- 9664 0.9507) 0.9315 | 09099 | 
3°8 1-97 
0-9674) 0-9472| 0.9261] 0-9051 =a 


| Wt.-% organic 
_ solvent . 
Ethyl Alcohol, 

dos 
AgBrO, milli- 
moles per l. 


n-Propyl 
alcohol, d35 


AgBrO, milli- 
moles per 1. 


isoPropyl 
alcohol, ds 


AgBrO, milli- 
moles perl. 


Acetone, 
das 


im 
| 0- 9845 
AgBrO, milli- 
moles perl. | | 592 ae 
mere 1-0147} 1-0328 | 1.0513 
2 
i 8-24 | 8:38 [8-51 


4-36 


AgBrO, milli- 
moles per l. 


Glycine, 
25 
AgBrO, milli- 
moles perl, jf 
‘Ethylene 
glycol, d,5; 
AgBroO, milli- 
|} moles per l. 


votae 1.0453] 1-0706| 1-0971| 1.1239 | 1.1511] 1.1784 
AgBrO, milli- | 
pales per 1. sheen O28 | ls 

The solubility of silver bromate in aqueous solutions of other organic 
solvents has also been measured’® at 25° (see Table XVII, page 766). 

The solubility of silver bromate in very dilute ammonia solutions has been 
used as evidence for the formation of a monammine-silver ion with an insta- 
bility constant of 4-3 x 107*.*5? Recalculation of previous data for the diam- 
mine-silver ion indicates a dissociation constant of 6-2 x 1078.75? 

The values obtained for the solubility of silver bromate in aqueous pyridine 
solutions are :-?°° 


Pyridine, mole/l. 0-00597 0.00827 001273 0-01564 
AgBrO,, mole/1. x10* 9-80 10-32 11-49 12-34 


These results have been interpreted in terms of two complex ions, Ag(C,H,N)* 
and Ag(C,H,N)}, for which the following dissociation constants are calculated: 


K, (Ag(C,H,N)*] = 1-0x 10” 
K, [Ag(C,H,N)}] = 7-8x 1078. 


Hl 
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TABLE XVI. - SOLUBILITY OF SILVER BROMATE IN AQUEOUS 
SOLUTIONS OF ORGANIC SOLVENTS AT 25° 


Allyl alcohol, mole/litre 0-585 | 0.293 | 0.146 
AgBrO, mole/1. x 10? 2-98 2-20 1-69 
Crotyl alcohol, mole/litre — 


‘Ws0.702} 60.597 leno aad 
AgBrO, mole/1. x 10? 1-87 1-73 1.54 


Ethylvinylearbinol, mole/1. | 0-472 | 0.0944] 0.0472 
AgBrO, mole/1, x 10? 2-68 1.52 1-28 


Vinylacetic acid, mole/1. 0-467 | 0-117 0-0585 
AgBrO, mole/1. x i0? 2-90 1.67 1.37 


Methylallyl alcohol, mole/1. 0-470 | 0.118 0-059 
AgBrO, mole/1, x 10? 242 | 1-48 1.27 
Methylvinylcarbinol, mole/l. | 0-255 | 0-102 | 0-025 
AgBrO, mole/1l. x 10? 212 1.53 | 1-14 
- 2-Methyl-2-buten-1-ol, mole/1l.| 0-100 | 0.020 
AgBrO, mole/1. x 10? 11 1-05 
Phenol, mole/litre 0-448 
AgBrO, mole/1l. x 10? 1.28 


The effect of additions of silver nitrate, sodium nitrate and sodium ben- 
zenesulphonate on the solubility of silver bromate in an aqueous solution of 
isopropyl alcohol of dielectric constant 25-6 has been investigated and the 
results are in accordance with the equation, log f = 3-76y%. The activity 
coefficient does not appear to be affected by any property of the solvent or 
of the ions other than the dielectric constant. 

By using a Cellophane membrane it has been possible to demonstrate the 
presence of colloidal particles in solutions of silver bromate in diethyl- 
amine.*® 

The entropy of silver bromate under standard conditions has been estimated 
as S2,=37-3+0-6g.-cal.deg*mole™.** | The compressibility has been measured 
over the range 0#100,000 kg./sq.cm. and the volume decrement, Av/v, is found 
to be 0-104 for the range 0—50,000 kg./sq.cm., and 0-05 for the range 50,000- 
100,000 kg./sq.cm. °%*® 

Silver bromate has the perovskite type structure and the unit cell dimen- 
sions are reported as a = 8-59, c = 8-01 A.*®* This space group is D4}, -l4/mmm 
and there are eight molecules in the unit cell. 

The reaction »AgBrO, “iL, = AglO. + (Beshas) been investigated and is 
found to proceed quantitatively to the right in 10 minutes at 22° 

Variations of the e.m.f. of silver brgmate electrodes have been investigated 
and are said to be due to the formation of metastable hair-like crystals of silver 
bromate. These are reported to have a higher solubility than the stable tetra- 
gonal form and to be stable at about 100°,** 

The reactions of silver bromate with sulphur, selenium and tellurium are 
similar to those of potassium bromate.**3**4 


ALKALINE EARTH BROMATES 


The magnetic susceptibilities of the alkaline earth bromates have been 
measured*® and are shown in Table XVIII, page 767. 

The anhydrous oxides of the alkaline earth metals form addition compounds 
of the type MOBr, with bromine; those derived from strontium oxide and barium 
oxide decompose under the action of excess of bromine with the formation 
of bromate and loss of oxygen.’® 
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TABLE XVIII.- MAGNETIC SUSCEPTIBILITY OF ALKALINE EARTH BROMATES . 


| feaBr0,), | Ca(Br0,),,H,0 | Sr(Br0,), | Ba(BrO,), | Ba(BrO,),,H,0 


Susceptibility ie ‘ 
C.£.S. units 10°° | oe 


* (84.5 « 10° measured in solution) 


Barium bromate has been prepared, in a yield of 410 g., by treating a hot 
solution of 345-7 g. of potassium bromate in 700 cc. of water with a hot solution 
of 253g. of barium chloride (BaCl,,2H,O) in 400 cc. of water. The mixture is 
allowed to cool and the liquid decanted to leave crystals of barium bromate 
which should be washed with cold water.*® 

The dissociation constant of barium bromate has been determined from 
conductivity data at 18°°° in Table XIX m is the concentration of the aqueous 
solution in g.-mol./l., a is the fraction of bivalent radical existing in the 
form of intermediate ion according to the scheme BU, — BU+U; BU = B+U, 
and log K is calculated from the Debye-Htickel equation:- 


TABLE &IX.- DISSOCIATION CONSTANT OF BARIUM BROMATE 


The solubility of barium bromate in aqueous potassium chloride and glycine 
solutions at 25° has been measured:-*”° - 


TABLE XX. - SOLUBILITY OF BARIUM BROMATE IN AQUEOUS SOLUTIONS 
OF POTASSIUM CHLORIDE AND OF GLYCINE AT 25° 
0-1007 
2-483 | 


KCl mole/litre 0-000 | 0.02008 | 
2,008 | 2135 | 


0:04019 | 0.06034] 0-08050 
Ba(BrO,), mole/1. x 10? | 26233 2-416 
Glycine mole/1. 


0.0251] 0.0503 | 0.0755 | 0.1008 | 
Ba(BrO,), mole/1. x 107 | 2-045 | 2081 | 2-113 | 2-150 


The specific heat of barium bromate monohydrate was measured from 16° 
to 300°K.; this together with the heat of solution and free energy of solution 
was used to calculate the entropy of barium bromate;*”* a value of SQ, = 80-72 
g.-cal.deg*mole™* was obtained. The original results gave SR, = 43-6 g.-cal. 
degz' mole“ for the bromate ion, but a recalculation using a revised value for 
the entropy of the barium ion gave a value of SQ, = 38-7 g.-cal.deg.*mole™ 
which is in better agreement with that obtained from studies on potassium 
bromate.'** The heat of solution of crystalline barium bromate monohydrate 
has been measured and values of -15-06kg.-cal. and 235-0 kg.-cal. are obtained 
for the heat of solution and heat of formation respectively *” 

The crystalloluminescence of barium bromate is most noticeable during 
the slow crystallization of a saturated solution over the range 72° to 55°,*7#78 
No activating impurities are found to be required. 


MAGNESIUM, ZINC, CADMIUM AND MERCURY BROMATES 


Zinc bromate hexahydrate crystallizes in the cubic system. The space 
group is 7f= Pa’ and the unit cell contains four molecules; a = 10-31 A. The 
structure consists of octahedral Zn.6H,O groups arranged on the triad-axes 
and pyramidal BrO, groups. Parameters quoted are:-*""’5 
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Br: D250 0209 0s 20 
HO: 0-195, 0-050, 0-965 
70: 0-140, 0-145, 0-330 
Zn: at face-centred positions. 


The anodic oxidation of mercuric bromide with a platinum anode was found 
to liberate bromine at the anode and mercuric bromate was formed until all the 
mercuric bromide had been consumed. With the electrodes out of contact with 
the mercuric bromide neither bromine nor bromate was formed. The reactions 
involved are thought to be: (1) oxidation of mercuric bromide to mercuric 
bromate and (2) the formation of a little bromic acid and a large quantity of 
hydrobromic acid which react to liberate bromine.*”® 

Mercuric bromate dihydrate has been prepared by adding the equivalent 
amount of mercuric perchlorate to a hot 3N. solution of perchloric acid nearly 
saturated with sodium bromate. The solution is then cooled to O° and the 
crystals are washed with water and centrifugally drained (yield 85%). The 
anhydrous salt can be obtained by dehydrating over calcium chloride at room 
temperature. The basic salt, Hg(OH)BrO,, has been made by a similar method 
using proportions indicated by the equation, 


Hg(ClO,), + NaBrO, + H,O = Hg(OH)BrO, + NaClO, + HClO, 


a slight excess of sodium bromate should be used and the basic salt dried at 
130-140°. The solubilities of the normal and basic salts at 25° in aqueous 
solutions of perchloric and nitric acids are given in Table XXI:-*”’ 


TABLE XXI.- SOLUBILITY OF NORMAL AND BASIC MERCURIC BROMATE 
IN AQUEOUS PERCHLORIC AND NITRIC ACIDS AT 25° 


[io [20 [30 | 40 | 50 | 
oe 6-58 | 4.13 | 2-58] 1-5 
4.34 | 5-94] 6.06 = 
on 14-66 | 15-00 | 14-99 | 14.75 
12-52 | 21-30 = = 


The solubility of mercuric bromate in water at 25° is 0-081 g./100cc. sat- 
urated solution. 


Approximate normality 


HC1O,: Hg(BrO,), g./ 100 cc. sat. soln. 
basic salt g./100 cc. sat. soln. 


HNO,: He( BrO,), g./ 100 cc. sat. soln, 
basic salt g./100 cc. sat. soln. 


RARE EARTH BROMATES AND GALLIUM, INDIUM AND THALLIUM BROMATES 


The solubilities in water of the hydrated bromates of lanthanum, praseo- 
dymium, neodymium, samarium, gadolinium and terbium of the type M(8r0Q;)3, 
9H,O have been measured?”* The order of solubility has also been investigated 
by fractional crystallisation at 20-25° and is found to be Er>La>Yt>Ho>Pr> 
Nd>Tb>Gd.'”° (See: Table XXII, page 769), 

Neodymium bromate, Nd(BrO;)3,9H,O, has space group Céy-C,gme: there 
are two molecules per unit cell which has a = 11-73 c= 6-76A. The Nd?t 
ion is surrounded by nine water molecules in regular fourteen-sided polyhedra 
consisting of trigonal prisms with raised prism face-centres. The neodymium 
ions. occupy the positions 4, “4, %4 and %, 44, % thus forming strings of these 
polyhedra parallel to the c-axis. The bromate ions are situated in strings 
along the line x = y = 0. Nd=H,O distances are 2-50+0-05 A.; H=bond dis- 
tances between water and oxygen in the bromate ions are 277 + 0-10 A., Br-O 
distances 1-74 + 0.07 A.18° 

Gadolinium bromate, Gd(BrO,),,9H,O, has been described as melting at 
80°; it decomposes at 85°. Crystallographically, it is hexagonal-bipyramidal 
with aie = 1:0:5690,*5*"*8* 
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TABLE XXII.- SOLUBILITIES OF HYDRATED 
RARE EARTH METAL BROMATES IN WATER 


La(BrO,),,9H,O 
g./100 g. water 


Pr(BrO,),,9H,O 
g./100 g. water 


Nd(BrO,), 9H,O 
g./100 g. water 
Sm(BrO,),,9H,O 
g./100 g. water 
Gd(BrO,),,9H,O 
g./100 ¢g. water - 
Tb(BrO,),,9H,0 
g./100 g. water 


184-5 |214-7 |251-3 {298-4 |363-0 [462-1 
88-55 |105-86 |123-46 {144-1 | 167-9 


94-57 |111-32|128-6 


89-68 {102-4 |117-1 


Europium bromate, Eu(3r0;3)3,9H,O, has been investigated crystallographi- 
cally and is hexagonal-bipyramidal with a:c = 1:0-5714.*®* A basic holmium 
bromate, Ho(BrO,),,4Ho,O0;, has been prepared by dissolving the oxide in a hot 
concentrated solution of the bromate.** 

The formation of gallium bromate in solution, by adding a solution of gal- 
lium sulphate to barium bromate until all the barium is precipitated as sulphate, 
has been reported. The solution obtained was weak owing to the low solu- 
bility of barium bromate and decomposed on being concentrated by heat. 

The entropy of thallous bromate has been estimated as Sf, = 42:3 + 15 
g.-cal.deg:*mole™.°* Thallous bromate is thought to have the same structure 
as potassium bromate, with space-group Ciy-R3m, cell constants a = 4-45, 
a = 87°24’ and the parameters: Tl at (0,0,0), Br at (u,u,w) and O at (u,v,w), 
where u = 0-492, v = 0-568, w = 0-126,'8” 


LEAD, COBALT AND NICKEL BROMATES 


The solubility of lead bromate at 25° is reported as 0-03437 mole/l. and 
the density of the saturated solution as 1-0112. The solubility has also been 
determined in aqueous solutions of various concentrations containing the 
nitrates of potassium, sodium, lithium, calcium, strontium and lead:-** 


TABLE XXII. - SOLUBILITY OF LEAD BROMATE IN 
AQUEOUS SOLUTIONS OF NITRATES AT 208 


KNO, mole/1. 0-00 | 0.09934 | 0.2950 | 0.5784 | 1-1850 
d,, sat. soln. 1.0112 | 1.0181 | 1.0378 | 1.0608 | 1.1127 
PH(BrO,), mole/1. | 0-03437 | 0-04373 | 0.05798 | 0.07577] 0-1134 | 


0-9655 
1-0837 
0-08899 


| 005815 
1.0446 
0:06517 


0.3903 
1.0933 
0.08177 


0-04833 
1-0141 
0-03884 


0.04925 
10135 
0.03849 


0-005566 - 
1-0117 
0-03581 


0-3938 
1-0424 
0-06144 


0-3012 
1-0293 
0-05365 


0-050 20 
1-0226 
0-04455 


1-4241 
1-1158 
0-1098 


14259 
1-0880 
0-09337 


0-7614 
1-1627 
0-1110 


NaNO, mole/1. 
das 
Pb(BrO,), mole/1. 


LiNO, mole/1. 
dos 
Pb(BrO,), mole/1. 


/Sr(NO,), mole/1. 
dos ° 
Pb(BrO,), mole/1. 


2°7213 
1.1507 
0-1310 


167789 | 
1.3438 
0-1765 
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TABLE XXII. - SOLUBILITY OF LEAD BROMATE IN AQUEOUS 
SOLUTIONS OF NITRATES AT 25° continued: 


Ca(NO,), mole/1. 0-006271 | 0-05162 | 0-3352 | 0-7780 1-7872 | 3-1950 
d 1-0099 1-0195 1-0643 | 1-1283 | 1-2607 | 1-4215 


25 
Pb(BrO,), mole/1. 0-03565 | 0-04298 | 0-07497| 0-1105 | 0-1649 | 0.2118 


Pb(NO,), mole/1. 0-004947 | 0-04981 | 0-2955 | 0-4871 
dng 1-0 104 1-0219 1-0936 | 1-1480 
Ph(BrO,), mole/1. 0-03371 | 0-03161 | 0-03457] 0-03876 | 0-04572 | 0-06183 


The formation of solid solutions of lead and sodium bromates has been 
investigated and the effect of included lead bromate on the crystal growth of 
sodium bromate has been noted.*** 

Following a serious explosion, which caused two deaths and considerable 
damage, in a German industrial laboratory during the preparation of lead 
bromate from potassium bromate and excess of lead acetate, the dangers of 
this method of preparation have been discussed at length.****°* The explosive 
entity formed during the process is thought to be a complex acetate and bro- 
mate of lead which explodes at 165° or by percussion at rodm temperature. — 

The crystal structures of cobalt bromate hexahydrate, Co(BrO;),,6H,O, and 
nickel bromate hexahydrate, Ni(BrO,),,6H,O have been investigated. They 
are found to be isomorphous, cubic, with space-group T¢=Pa3. The unit cell 
contains four molecules. The measured densities are 2+55 g./c.c. for the cobalt 
salt and 2:60 g./c.c. for the nickel salt; the unit cell sides are a = 10+32 + 
0-005 A. and 10-272 + 0-002 A. respectively.*** 


PERBROMIC ACID AND PERBROMATES 


Attempts to isolate perbromic acid or perbromates or to prove their presence 
have so far been unsuccessful,*®® and the reasons for the non-existence of 


perbromic acid and perbromates have been discussed.** 
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SECTION XXVII 


THE SPECTROSCOPY OF BROMINE, ICDINE MONOBROMIDE, 
HYDROGEN BROMIDE AND BROMINE OXIDES 


By R. F. BARROW 


THE BROMINE ATOM: OPTICAL SPECTRA 


A classified list of the more important work on the optical spectra of the 
bromine atom is given in Table I. Many of these spectra are as yet known 
only very incompletely. 


TABLE L+ INVESTIGATIONS OF THE OPTICAL 
SPECTRA OF THE BROMINE ATOM 


4014-5332 | Zeeman effect 
1232 - 1634 - 

- zeeman effect 
2270-6560 | Pressure and Stark effects 
3794-4800 | Stark effect: qualitative 
2000 — 6000 ~ 
2250 = 6750 ~ 
2240 = 3150 - 
3735=—9320 = 

650 = 2300 | Zeeman effect 
1300 ~ 2250 - 
2300 ~ 6225 = 
4700 = 4900 | Zeeman effect 


4477-5183 | Interferometric wave-lengths 


Be 818 
2234 4520 
} 538— 736 
(2179 = 3042 
480- 860 
138,139 


This work is summarized in the tables of Moore,”® which also include the 


results of unpublished work by Kiess and by Edlén. Term-values for the 
lowest electronic states of the bromine atom, and values of the ionization 
potentials are given in Table II. 

The hyperfine structure of lines in the spectra of Br I and Br II has also 
been investigated.?”** Deviations from the interval rule have been used to 
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TABLE Il. - TERM VALUES AND IONIZATION 
POTENTIALS FOR THE BROMINE ATOM” 


Term-values, cm7* Ionization potentials, eV. 


4s*.4p*.5s | "Py | 63 963-52 | 
67 176-87 

66 87716 | 
64 900-50 
; | 63 429.82 | 
3 685 

0 


determine approximate values of the nuclear quadrupole moment and of the 
nuclear magnetic moment.** Reviews of hyperfine structure observations*®® 


and of nuclear properties*®**” have been given: values*® of the latter are as 
follows:- 
| : Magnetic moment Quadrupole moment 
Mass (a.m.u.) Spin ans (10° cm?.) 
Aes 7894438 3/2 2+ 10576 +0+335 
‘pr 80-94228 3/2 2+2696 +0+280 


Values of the nuclear quadrupole moments, 9, have also been obtained from 
the coupling constants, e(q, obtained from observations of the fine-structure 
in the micro-wave region. For example, observations®’ on cyanogen bromide 
have given the values Q(7°Br) = +0+28 x 10°%, O(*Br) = +0-23 x 10°% cm’, 
However the evaluation of ( in this way from values of eYq depends upon the 
assumptions*® made in estimating gq (= 0?V/dz*), and Gordy*® obtained +0-31 
and +0+26 x 10°% cm’, for "Br and **Br respectively. These values are 
superseded by those given in the table above, which were determined by 
atomic beam experiments.*’ 

The excitation of bromine lines for analytical purposes has been con- 
sidered***? (see also *°, and page 808). An atlas giving.spectra of Br I and 
Br II has been published.** According to the M.I.T. list** the following are 
the strongest lines in the wave-length region between 2000 and 10000 A.:+ 


Wave-length, A. Excitation potential, volts. 


4816+71 14-4 
4785-50 14-4 
4704+86 14-4 


These lines arise from Br*. The spectrum of a spark discharge in liquid 
bromine is found to be continuous,*’ with a short wave-length edge at 6000 A. 

Wave-functions for the ion Br, and for the neutral atom have been com- 
puted;*® for a review, see Hartree.*® Calculations of Russell-Saunders 
intervals in Br III have been made.* 
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X-RAY SPECTRA 


A number of measurements of wave-lengths in the K-series,*” L-series*™ 
and M-series*” in emission have been made. As aresult, quite precise values 
for the X-ray energy levels in the bromine atom are available (see Fig. 1). 
Theoretical considerations relating to these levels are discussed.*****: 

The K-absorption edge of bromine*®**® shows in many cases a structure 
which varies with the nature of the absorbing substance. For example, the 
details of the K-absorption spectrum are different for bromides and brom- 
ates,’”**?? and gaseous bromine shows a pronounced structure near the 
short-wave-length side of the absorption limit,?*** which does not appear in 
liquid or solid bromine”® or in gaseous hydrogen bromide.?** The theoretical 
interpretation of the absorption spectrum in gaseous bromine and hydrogen 
bromide has been discussed.** The essential point is that of the scattering 
of the ejected photo-electron by the partner atoms in the molecule.’ 
The direct and scattered electron waves interfere to increase or decrease 
the chance of ejection of a photo-electron according to whether the 
interference is constructive or destructive. Now the probability of 
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Fig. 1. X-RAY ENERGY LEVELS IN BROMINE, ON A LOGARITHMIC SCALE. 
(THE POSITION OF L; IS NOT KNOWN). ARROWS ILLUSTRATE SOME OF 
THE OBSERVED TRANSITIONS, 


ejection of a photo-electron is the’ same as that of the absorption of 
an X-ray. Thus the interference may lead to a rise or fall in the absorp- 
tion coefficient from the value that would be found in the absence of 
the pees atoms in the molecule (see also page 625), Contrary to Wilhelmy,”’ 
Sq, line of bromine is not observably affected either by chemical combina- 
tion or "by physical state of aggregation.” 

The absorption of bromine in the region of the L-discontinuities does not 
appear to have been studied: the Miv,v head has been observed.” 

Clark and Duane*® observed the K-spectrum of bromine in reflection from 
crystals of CsIBr, following irradiation with continuous X-rays: the reflec- 
tions from potassium bromide crystals have been studied in a similar way.” 
The magnetic spectrum of electrons ejected from bromine by molybdenum 
K-radiation has been examined.** Measurements have been made of the 
fluorescence yield** ~ the ratio of the number of fluorescent K-quanta to the 
number of photo-electrons ejected from the K shell. The relative intensities 
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of lines in the K-series has been determined. **** 
efficient of bromine has been measured*® 


27 


The mass absorption co- 
at several wave-lengths between 


0-16 and 1:93 A.; an empirical method of calculating these absorption co- 


efficients has been given.*” 
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THE BROMINE MOLECULE, Br, 


Bromine vapour absorbs light throughout the spectrum from about 1500 A., 
the lower limit of the present investigations, to beyond 8000 A, In the green 
region, there is a characteristic set of bands, in which the separation between 
successive bands decreases with decreasing wave-length: a convergence 
limit is observed at about 5110 A., beyond which the absorption becomes 
continuous.** Franck* identified the energy corresponding to onset of the 
continuum with that required for the dissociation of the molecule into atoms, 
BrPsee(2P yy), The determination of the dissociation energy was sub- 
sequently considered,® and new measurements, leading to a more accurate 
value of the dissociation energy, have been made.” 

However the early vibrational analyses”* proved to be not quite correct.® 
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Further measurements were made,*° but the accepted analyses rest on the 
work of Brown** and of Darbyshire.’* Brown showed that there are two band- 
systems, which partly overlap. The correct vibrational analysis of the 
shorter wave-length system (5110 to 8675 A.) was settled by observation of 
the vibrational isotope effect. The strongest bands arise from the molecule 
73r°'Br, which is about twice as abundant as either symmetrical molecule. 
Brown**® subsequently carried out a rotational analysis of a number of bands of 
this system, and showed that each band of a given molecular species con- 
tained a single P and single R branch, supporting the identification of the 
system as B “II,4 - X'S", as had already been postulated.’* The branches 
assigned to Br, and “Br, show alternating intensity, favouring values of the 
nuclear spin, i = 3/2, for both isotopes. It appears that the levels v* = 3 and 
4 in B *II,4 are perturbed by interaction with a neighbouring state. 

The weaker system is A “Il, - X Se and Brown” showed that the con- 
vergence limit in A *II, corresponds to dissociation into two bromine atoms in 
their ground states, “"P*s. Darbyshire’* extended the analysis of this system 
(6450 to 8180 A.) and corrected the vibrational analysis by means of observa- 
tions of the isotope effect. 

Constants for these states are collected in Table III. 


TABLE III.- CONSTANTS FOR THE ”Br™*Br MOLECULE: 
STATES X, A AND B 


| 165-4 
170-7 
32362 
324-2, 


323-8, 


0595 | 0-000625 
0-0809, | 0-000275 


Notes: 

(1) The values of 7, are somewhat uncertain: in state B there is some 
(small) error arising from an extrapolation, while in A, there is 
the possibility of error in the values of v’. 

The values for the vibrational constants are valid only overa 
limited range of v’. Those for state A are taken from Darbyshire;*? 
those for B from Rees.*® 

(2) From band origins.** 

(3) From band-heads.?? 

(4) From resonance fluorescence.*® 

(5) The value of r’’ obtained by electron diffraction’’ is 26279 A. 

(6) The convergence limit in B “IIj4y, is at 19585 cm.*, to Br (*P¥) + 
BrP), Thus D, = 15900 cm.", or 45-45 kge.-cal./mole, State 
A “II, dissociates to give ground-state atoms. 


If a gas, subject to a magnetic field, is examined between crossed nicols 
some light may be transmitted by the second nicol owing to a small rotation of 
the plane of polarization by the field (Faraday effect) and the resulting 
spectrum is known as the magnetic rotation spectrum. Since a rotation of the 
plane of polarization is large only in the immediate neighbourhood of absorption 
lines for which there are appreciable Zeeman effects, only part of each band 
appears in the magnetic rotation spectrum, which is therefore a more or less 
simplified version of the ordinary absorption spectrum. Such a spectrum has 
been observed for bromine.** The B-X system bands show a large number of 
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closely spaced lines, the relative intensities of which do not change ap- 
preciably with the strength of the field, (see also araey, 

Details of the continua observed in absorption in gaseous bromine are 
given in Table IV and considered in more detail below. In hot bromine gas, at 
950 to 1000°C., there appears a further very weak continuum with Amax = 
2930 A., which was observed* at 270 mm. pressure with a path-length of 150 
cm. 


TABLE IV.- CONTINUOUS ABSORPTION SYSTEMS OF GASEOUS BROMINE 


: | Reference 


{B “Il,y <—N ; 
A ‘II, <-N | (18630) 


Notes:- 

(1) No quantitative measurements on continuum B have been made. 

(2) Alternative interpretations of continua A and B have been put for- 
ward: that given here now seems most probable.”” According to 
this interpretation, most of the ATS of the A continuum is in 
the transition B “Il reais 

(3) N is written for the ground state, X. ->5. 


Bands of the system B-X appear in emission** when bromine vapour is 
heated above about 450°C., when bromine burns in hydrogen,?”** or in oxy- 
methyl bromide or oxy-ethyl bromide flames.*©”” In the thermoluminescence 
spectrum, there also appears a continuum extending to wave-lengths below 
5100 A. which probably arises from the recombination*®”? Br + Br* = Br, + Av. 
The bands are also observed in discharge tubes.*° 

Although an attempt®’ to obtain an devi oer fluorescence failed, radia- 
tion of wave-length between 5000 and 5600 A. excites a green fluorescence*® 
spectrum in bromine vapour. Plumley*® used the mercury line 5461 A. and 
discovered five series of resonance doublets, which he was able to identify 
unequivocally. In the main series, the initial act of absorption i is the transi- 


tion from J” = 8 in v” =0 of the ground state of Br™Brto J’ =9, v’ = 19 in 
B “Thos The doublet series then consists of the transitions fue = 9, v’ = 19) 
to J” = 10 or J” =8 with successive values of v". This series was folded 
as faras v' =17. Details of the series are given below:- 
Series Initial Transition Species Vv 
I 19,0 R(8) 79,81 F(p) - +(= 30) 
II 23,1 R(17) 81,81 F(p) +43 p += 6:0) 
III 25,1 P(64) 79,81 F(p) +3:35p  +(+20+5) 
IV 21,0 P(74) 79,79 F(p) -0°4 p +(+24+0) 
V 21,0 R(76) 79,81 F(p) +1:65p +(=25-0) 


Here, F(p) = 183075 = 322:67 p + 115 p’, corresponding to 
Vv = 18469+22 - 323-81 (v" + %) + 115 (v% + 4)’. 


The doublet intervals in parentheses are to be omitted for the main lines and 
to be included to give the wave-numbers of the companions. 

Plumley found that the intensity of this spectrum is about one three hun- 
dredth of that of the iodine fluorescence, and, in accordance with this trend, 
was unable.to detect any fluorescence in chlorine. The intensity of fluores- 
cence is rather insensitive to the pressure: thus at 6100 A., the anpeneley is 
about the same at 0-1 mm. as it is at 100 mm. pressure. 


Refs. p. 785 


27 SPECTROCHEMISTRY 78] 


What was described as a Raman spectrum* of gaseous bromine was ob- 
tained by illuminating bromine at 900 mm. pressure with He 5875-6 A. Shifts 
were observed at 316-8, 631+3 and 944-5 cm** in a fifteen-hour exposure. 
Although it is indeed possible that the fundamental might be photographed in 


_ this time, the intensities of the overtones are likely to be several orders of 


magnitude smaller. Moreover, the values of the shifts obtained fit poorly with 
those calculated from the vibrational constants (Table III) on the assumption 
that the shifts are equal to G"(1) - G“(0), G*(2) = G"(0) and G"(3) = 5"(0) 
respectively. A much more plausible interpretation of these observations is 
that the lines are really lines of a resonance fluorescence series. The wave- 
number of the exciting line is 17014:8 cm.* There is only one’ strong 
absorption band in this region, 13,2 of B-X, with head at 17033-7 cm:* The 
‘Raman spectrum’ may then be interpreted as the series dropping from v’ = 13 
tov’ = 2, 3, 4 and 5. The anti-Stokes lines are presumed not to have been 
observed on account of re-absorption. The numerical evidence in support of 
this interpretation is as follows:- 


Observed shift Calculated Raman shift Calculated resonance shift 


316°8 cm} G"(1)=-G"(0) 32155 G"(3)~G"(2) 31669 
631-3 G*(2)=G"(0) 640+7 G"(4)-G"(3) 63165 
944.5 G"(3)-G"(0) 9576 G"(5)-G"(4) 943-8 


The calculated values are with G” = 323-81 (v" + 4%) = 1515 (v” + 4). 


Features other than bands of the B= X system of bromine appear in emis- 
sion in certain sources. As well as the visible continuum already men- 
tioned,”*”* there readily appear ultra-violet continua. A continuum at 2900 A. 
is excited by the action of active nitrogen on bromine vapour*® and continua 
with long wave-length limits at 3700 and 2950 A. are observed*? when bromine 
is excited in the Tesla discharge. The 2900 A. continuum has also been 
observed in the electrodeless discharge,*® in the spectrum of methyl bromide - 
oxygen flames,” and in absorption® (see page 780). 

The longer wave-length ultra-violet continuum, A > 3400 A., has been 
observed in flames.** Earlier observations of these continua are summarized 
and discussed by Finkelnburg.*** The spectrum of the electrodeless dis- 
charge has recently been examined in detail by Venkateswarlu.“* He has 
found that the continua in the region 2000 to 4400 A. show vibrational struc- 
ture, and interprets them as arising from transitions.from stable upper states 
to repulsive lower states arising from *P¥ + *P¥, *P¥ + *Py and “Py + *Py 
atom pairs. The transitions have been discussed® in the light of Mulliken’s 
predictions.*” The stronger maxima lie at 2480, 2625, 2755, 2900, 3337 and 
3550 A. The constants for the upper states are as follows:- 


State ihe @ 


F (1I,,) 66600 480 cm? 
E(‘IIz) 61400 220 

D ("IIyg) 55535 330 

© Cxy 0 47000 ~"'= 


Further experimental information about these states is desirable. 


Two transitions, apparently unrelated to any state so far discussed, have 
been observed in emission from a discharge-tube.** They consist of two 
systems of red-degraded bands in the region 5100 to 6600 A. Rather doubtful 
vibrational analyses lead to the following expressions for the band-heads:- 


I v= 17325+8 + 191-45 uw! = 1-05 uw’? = 360-6, uw" + 0°65 uw"? 
Il v= 16105-0 + 152-4 u’ = 0-40 u'? = 361-7, u” + 1:62 u"?, 
where u =v + ¥. 
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Mulliken*’ has suggested that the emitter of these bands may be the molecule- 
ion 51,74 

“The quantitative aspects of the absorption continua of bromine (see Table 
IV) raise a number of interesting problems which have been much investi- 
gated.4*5° A detailed investigation” of the extinction coefficients in the 
Q,N continuum from 3275 to 5720 A. at temperatures between 20 and 632°G; 
shows that the continuum can be resolved into two overlapping continua, A 
and B. The theoretical treatment of Mulliken” leads to the alternative inter- 
pretations:- 


I II 
Upper state Upper state 
3 
Continuum B: tar or 2B: iL 
o+ 1] 
A: Tu A: lary 


In (I) the transition to “II, is very weak compared with the other two, and in 
(II) the transitions to *{I, and *II,4+ should be of about equal intensity, and 
each about two-fifths as strong as the transition to ‘I]. The problem of 
choosing the correct interpretation has been attacked by deriving the course 
of the upper state potential curves in the repulsive regions,** making use of 
the experimental information about the variation of extinction coefficient with 
frequency and of the data for the ground state, and fitting the repulsive curve 
to the extrapolated potential curve™* for the state *II,4 ,. This procedure 
demands an accurate potential function for *II,4, and Rees™ has given 
analytical expressions equivalent to the Rydberg=Klein construction (see **), 
The potential energy curve for the *II,4 state is found to extrapolate smoothly 
to the curve deduced from the continuum 8, and it thus appears that inter- 
pretation (I) is correct.**” The ‘II, state correlates with ground-state atoms, 
sei lice + *P ¥, and it may be Feeponsinle for the perturbations observed in v‘ = 
3; 4 sof fe 

The effect of temperature on the distribution of intensity in the A and B 
continua is quite simply, and successfully, represented by expressions 
developed by Sulzer and Wieland. 
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Fig. 2, ABSORPTION CURVE FOR Br, 
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At shorter wave-lengths, bromine vapour becomes more transparent, and 
there is a minimum at about 3000 A., with «e ~ 0-2. Thereafter the extinction 
coefficient rises again,”° to a weak maximum at about 2250 A., with €max © 


3°5. 


3000 2500 
Wavelength (A) 


2:0 


Log. Absorption Coefficient 


p05 


20,000 30,000 40,000 50,000 


Fig, 3. LOG € FOR BROMINE PLOTTED AGAINST WAVE NUMBER 
IN THE VISIBLE AND ULTRA-VIOLET 


Cordes and Sponer*® have observed continuous absorption in the Schumann 
region. On theoretical grounds, there is expected’’ to be a strong transition, 
V, ‘2a <N, 722, with vax ~ 64000 cm: 

The visible absorption spectrum of bromine vapour has also been studied 
from other points of view. The absorption in the region of the line Hg 5461 A, 
has been studied interferometrically:°° this is of interest in connexion 
with the fluorescence excited by that line (see above). The absorption in 
the region 5770 to 5790 A. has been examined®’ at different pressures and 
temperatures; anomalous dispersion in this region has also been studied.” 
The effect of foreign gas on extinction coefficients in the A, B and C con- 
tinua has been investigated.** Intensities in the A and B continua are in- 
creased moderately: in increasing order of effect are N,, O,, He, HBr, 
CO,, HCl, Ne. There is no appreciable displacement of the maximum. The 
C continuum is however very sensitive to the presence of foreign gases, and 
its intensity may be increased very greatly. 

A number of investigators,***”°% have attempted to measure extinction 
coefficients in the region of banded absorption at A > 5100 A., with discordant 
results (for a full bibliography, see Korttim and Miiller°%°*), These variations 
are attributed to changes in the line-breadths with pressure*® The apparent 
extinction coefficients which have most often been measured relate to groups 
of rotational lines whose profiles change with changing pressure.°’ From the 
variation of apparent extinction coefficient with pressure, it is possible to 
calculate a value for the optical collision diameter: Kortiim and Luck®® obtain 
7-66 A., about 1+3 times the kinetic theory collision diameter. The effect of 
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foreign gas is to increase, in the banded region, the value of the apparent 
extinction coefficient: this has been attributed®®* to a collision-induced 
predissociation, and to an increase of the transition probability,°* but it now 
appears that this too may largely be attributed to normal line-broadening 
effects. | 

The absorption spectrum of liquid bromine has been studied:7”? the 
shape”* of the absorption curve in the region of the A,B continua is much the 
same in the liquid as it is in the gas, but €,,, for the liquid is here about 
twice that for the gas. However, the ultra-violet absorption of the liquid 
(continuum C) is vastly more intense in the liquid: it was followed to 45000 
cm.* where € ~ 10°. 

The absorption spectrum of bromine crystals has been examined:”™ it was 
found that at 20°K. there are three absorption bands at 5000 to 4700, 4300 to 
4100 and 3700 to 3600 A., of which the middle band is the most intense. At 
liquid nitrogen temperatures, there appeared only one band at 4300 to 3600 
A., with continuous absorption below 3240 A. 

The absorption of light by bromine adsorbed on calcium fluoride has been 
studied.”* The spectrum is shifted to shorter wave-lengths as compared with 
that in the gas, and there appear two maxima, at 2670 and 2520 A. (see also 
reference 7°), 

The absorption spectra of solutions containing bromine have attracted 
attention.””** A summary of the results is given in Table V. With inert 


372 


TABLE V.°- THE ABSORPTION SPECTRA OF BROMINE SOLUTIONS 


Solvent A,B continua | Ultra-violet continua Reference 


(Gas) (see Table IV) 
Carbon tetrachloride 78 
80 
81 
Chloroform 80 
81 
Carbon disulphide 80 
cycloHexane 81 
Acetic acid 80 
Kthyl alcohol - 80 
Water 80 
81 
Benzene 80 
81,84 
Chlorobenzene 81,85 
Toluene 81,85 


solvents, the shape of the A,B continua is little changed in solution from its 
shape in the gas, although the value of €max is always larger in solution - in 
the case of carbon disulphide, about three times as large. In water and 
alcohol there is a pronounced shift to shorter wave-lengths. The ultra- 
violet continua are always much stronger in solution than in the gas (as with 
liquid bromine, see above) and in the aromatic solvents the continua are very 
strong indeed. Interpretations of these facts have been put forward on the 
following lines:- 


(i) the effect of the cage of solvent molecules, °°? 


(ii) the effect of electrostatic polarization. *** 
(iii) the formation of complexes, Ar,Br,, between bromine and 
aromatic molecules.** 
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The displacement of the A,B continua in associated solvents is discussed 
in terms of the cage effect. Work must be done to increase the internal 
surface area of the cage around the solute molecules to accommodate the 
molecule of radius rity: If the solvent is regarded as forming a semi-rigid 
cage of radius hf, then the potential barrier may Bue written as:- 


W" (r) = Ary (r?~h?) 


where y is the surface free energy per unit area. The potential energy of the 
dissolved molecule is then:- 


Us(r) = Ugtr) + W"(r) 


where U(r) is the potential energy function for the gaseous molecule, For 
bromine in water, Rees®’ obtained (re Ves SEZAZOD A., i.e. 0-03 A. less than in 
the gas. The minimum lies 990 cm:* higher than in the gas. The shift in 
the value of Vmax for the A continuum is calculated to be 1400 cm%* as com- 
pared with 1750 cm:* observed. The effects of temperature have also been 
treated according to this model.*** 

Bayliss®® has discussed the shifts to longer wave-lengths occurring on 
solution which arise from the electrostatic polarization of the solvent. He 
suggests that the intense band at 2900 A. which appears when bromine is 
dissolved in benzene is to be ascribed to the V-N transition expected in the 
gas at about 64000 cmz* (see Table IV): the shift would thus amount to about 
30000 cm.°* if this view is correct. 

Mulliken®* prefers to regard the 2900 band found in the aromatic solutions 
as the charge-transfer spectrum of a 1:1 complex, Ar,Br,, analogous to the ~ 
iodine complexes (see page 79) whose existence seems now to be esta- 
blished beyond doubt. | 

The electron configurations in the ground and excited states of the brom- 
ine molecule have been treated in detail.*”®° The predicted value*’ for the 
lowest ionization potential (without change of internuclear distance) is 12+27 
eV. The absolute intensities in the O,N transitions have been considered.*””* 
The possibility of an electron affinity spectrum has been discussed. P Uae AT 
improved potential energy function for the ground state of the bromine mole- 
cule has been derived,” using | the experimental values of the energy of dis- 
sociation, re, We; se! as"! and ae: it lies somewhat above the Morse potential 
curve. A potential function V = (a/r™) - be"”’ has been examined.”  Inter- 
relations between the force constant, internuclear distance and energy of 
dissociation have been discussed.’* Thermodynamic functions for gaseous 
bromine in the range 200 to 1600°K., and equilibrium constants for the dis- 
sociation Br,, —> 2Brg between 298 and 1600°K. have been evaluated.” 
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IODINE MONOBROMIDE, IBr 


Only the electronic spectrum of iodine monobromide has so far been 
studied. The first information about this spectrum came from the work of 
Badger and Yost,* who observed a system in absorption lying in the infra-red 
region between 6850 and 8060 A. Cordes” found a number of absorption bands 
between 5500 and 6350 A., and two regions of continuous absorption with 
Amax equal to 4050 and 4950 A. Both sets of bands were subsequently 
studied by Brown* with high resolving power: he was able to separate iso- 
topic heads of I”Br and I*Br. There are three absorption band-systems in 
the region 5450 to 8100 A. which arise from transitions from the ground-state, 
x 'S*) to A 7H1,, B °f,4 and B’ 0%. The state B’ 0* results from the inter- 
action between B “II,4 (from I 7P%s + Br *P1/) and a repulsive state Ot (from 
the ground-state atoms, I *P¥ + Br “P%). A Similar situation occurs in iodine 
monochloride (see page 635). The continua at 4950, 4050 A. are then as- 
cribed to transitions from the ground state, X ‘X, to repulsive portions of the 
potential-energy curves for B “II,, and B’ 0" respectively. Predissociation is 
observed in B “II,4 at v' = 6, and there are a number of intensity anomalies 
arising from the 3-3’ interaction. 

The absorption spectrum of iodine monobromide has also been studied in 
the Schumann region,** two band-systems, C,D <- X, have been found. Light 
from the aluminium spark excites a fluorescence spectrum® in the vapour of 
iodine monobromide consisting of bands in the region 2890 to 4850 A.: the 
addition of nitrogen causes a colour change from violet to blue. Loomis and 
Allen,’ who examined the fluorescence excited by Hg 1849 A., found that the 
strongest lines could be represented by v = 58048 ~ 276-2 p + 1+28 p’, with p 
integral. The odd terms could be followed as far as p = 43. The line struc- 
ture ceases at about 2500 A., but diffuse headless bands are observed as far 
as 3700 A. A detailed interpretation of these results is lacking, but it is 
clear that the C=X transition may be excited in fluorescence. Some of the 
longet-wave-length fluorescence bands may correspond to the bands observed 
in emission in a discharge tube.* Continua are also observed in this source 
with Amax at 5059 and 5153 A., and a number of diffuse bands between 2300 
and 4800 A. This emission spectrum is thought to arise from transitions from 
stable upper electronic states to sets of repulsive states, as in the case of 
iodine monochloride (see page 635). Constants*»° for the electronic states 
of iodine monobromide are given in Table VI. 

The state A “II, dissociates to give unexcited atoms, I (?P’/) + Br CPs): 
the convergence limit has been determined very precisely*® as 14660 + 5 cm74, 
corresponding to an energy of dissociation, D, (IBr) equal to 41-90, + 0-01, 
kg.-cal. The results of thermochemical studies are in good agreement with 
this value.» For example, McMorris and Yost’? found, from equilibrium 
measurements, Qf (IBrg) = 9°96 kg.-cal.: with Of (Ig) = 25-48; Of (Brg) = 
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TABLE VL - CONSTANTS FOR IODINE MONOBROMIDE (I’°Br), CM.? 


AGy, = 310 
AGy, = om 


Notes:- 

(1) There is a little uncertainty about some of these figures. ° 

(2) The internuclear distance in IBr has not been determined: an 
estimate is*® r," = 2643 A. 


26-71 kg.-cal.,*? D (IBr) = 42+2, kg.-cal. at 25°C.; this is equivalent to 
D, (IBr) = 41+5, kg.-cal. at O°K. 3 

Thermodynamic properties of gaseous iodine monobromide, and equilibrium 
constants for the dissociation into molecular and atomic iodine and bromine 
have been calculated?® over the range 298+16° to 2000°K. The electronic 
states of iodine monobromide, like those of the other halogen molecules, have 
formed the subject of detailed theoretical work by Mulliken. He has predicted 
the existence of a number of low-lying electronic states,*”** has estimated 
ionization potentials,** and has made calculations of the absolute intensities 
of the visible absorption systems.*®*7 The present experimental information 
about the spectrum of iodine monobromide is as yet inadequate in many 
respects for detailed comparison with the theoretical conclusions. The 
states C,D (called b Mulliken B,C) are xo onsidered to arise from the con- 
fiourations [I*Br, 7{[lo* and (t'Br, "11'4]o* with JJ-like coupling between the 
I*Br core and the oX excited electron. 

The absorption spectrum of iodine monobromide dissolved in carbon tetra- 
chloride has been examined,*® and more detailed studies in a number of 
different solvents were later carried out.*? Solutions in inert solvents such 
as carbon tetrachloride, trichloroethylene, hexane, cyclohexane, benzene and 
toluene, are red. In carbon tetrachloride, the main absorption band has 
N max = 4900 A., max = 390: there is a second band with Amax = 2660, €max = 
200. The figures for other inert solvents are similar. In the case of oxy- 
genated solvents such as alcohols, acids, esters, ethers and ketones, the 
main absorption band is shifted to shorter wave-lengths” and the solutions 
are yellow or orange, thus:- 


Solvent Naaae 9 fhe Emax 


Ethyl alcohol 3900 390 
Ethyl acetate 3950 390 
Acetic acid 4190 350 


It seems that in these solutions rather stable complexes are formed in which 
the structure differs little from that of a normal valence compound of oxonium 
type.” 

Solutions of iodine monobromide in aqueous hydrogen bromide and hydro- 
gen chloride show quite new absorption bands: for example:- 


A max » A. €max. 
IBr in HBr 3750 590 
2535 50400 
IBr in HCl 3610 320 
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These bands are attributed to ions IBr, and ICIBr respectively.’ 


789 


The relation between force constant and ionic polarizability has been 
considered.?” Calculations have been made2? of the bond-moment in iodine 


monobromide, using an ionic-covalent resonance treatment. 


The absorption of X-rays by gaseous iodine monobromide in the region of 
the K-edge for bromine has been studied.“ There is a pronounced structure 
near the short-wave-length side similar to that observed in the case of gaseous 


bromine (see page 774). 
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HYDROGEN BROMIDE 


The pure rotation spectrum of hydrogen bromide was first observed in the 


notable series of experiments carried out by Czerny,* who measured the lines 
with J” = 4to 13 lying between 83 and 230 cm:* This spectrum has recently 
been studied again,” with results in good agreement with the earlier measure- 
ments. 

The transition J = 1<-0 has now been observed for DBr under high resolu- 
tion® in the micro-wave region. Isotope and nuclear quadrupole effects com- 
bine to split the transition into six lines. In the present case, the separa- 
tions of the observed levels, perturbed by nuclear quadrupole effects, from the 
unperturbed level for a given isotopic molecule are given by:-*” 


Baie Salers 1+ DI +0) 
: 2: 4 + = + -+ 
sa il aa eae 3 (PR ESG RYT (61 PI 
where C = F(F +1) - 1/+1) - JJ +1), 
and F=J+l,J+l-1,+++,Je-l. 


In the present case, we have / = 3/2 for both 7Br and “Br. ‘Thus the transi- 
tion may be represented as in the diagram at the head of the next page. 

The results for D’Br (frequencies in Mc./sec.) are given below the 
diagrain. 
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0:2 (-eQq) 
+005 (~eQq) 
+0+25 (—eQq) 


J=0 4 


J F Y(P) V observed 532-9: YF) Vo 


1<-0 3/2<-3/2  ~0-2 254 811:8 ~106:6 254 705+2 
I<0 5/2<—3/2. 30-05 254 678-5 + 26:6 254 705+1 
1x0 1/2<3/2 40°25 254 572-0 +133-2 254 705-2 


It will be seen that constant values of v, are obtained with eQq = +532:, 
Mc./sec. For D™Br, the corresponding values are v, = 254 548+, and eQq = 
+444, Mc./sec. Vv, is equal to (2B-4D), where B is the rotational constant 
dependent on the reciprocal of the moment of inertia of the molecule, and D is 
the centrifugal stretching constant (see page 230). Values of D have been 
found* from observations on the vibration-rotation bands of DBr. For both 
molecules, 4D = 11:4 Mc./sec., so that:- 


B, (D7’Br) = 127 358+3 Mc./sec.; B,(D*Br) = 127 280+, Mc./sec. 


Be is given by Be = By + of2. Again, values of a may be taken from the 
results of the infra-red work; in this case, however, 2is not known sufficiently 
well for the full accuracy of the micro-wave results to be exploited. For 
D’Br, a = 2515-,, and for D* Br, a= 25120, Mc./sec., and B, (D”’Br) = 128 616, 
Be (D™Br) = 128 536 Mc,/sec. Finally, re is given by:- 


re = (5+05480 x 10°/Be. w)%, 


where Be is in Mc./sec., and p, the reduced mass, is in atomic mass units. 
With p (D7’Br) = 1-964 571, p (D™ Br) = 1-965 778:- 


re (D”Br) = 1-414 4,, re (D™Br) = 1-414 4, A. 


The number of unbalanced p electrons of bromine in deuterium bromide, 
Up, may be estimated as Up = (eq) molecular /2(€QQ)atomic» _The value of 
(€Qq)atomic has been determined from atomic beam experiments.” Hence Up = 
0:69, which may be interpreted as indicating that the bond in gaseous deute- 
rium bromide has about 31% ionic character. 

The fundamental vibration-rotation band of hydrogen bromide lies at about 
3°91 p. The observation of this band, and of the analogous bands of the other 
hydrogen halides,° aroused much theoretical comment:”*? however the correct 
interpretation of these spectra could not be given until wave-mechanical theory 
was established.** In later work, attention has been directed both to the 
study of overtone bands and to the use of higher resolving power. Plyler and 
Barker** measured lines of the 1-0 and 2-0 bands, and were able just to 
detect the isotope effect between H”Br and H™Br. Naudé and Verleger*® 
measured seven lines of the 4~0 band for each isotopic species. The isotope 
effect in the 1~0 band of HBr was clearly resolved by Thompson, Williams and 
Callomon,*® and in the 1-0, 2~0 and 3-0 bands- of DBr by Keller and Niel- 
sen.* Rotational and vibrational constants for the ground state of the hydro- 
gen bromide molecule are collected together in Table VII. Although the main 
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constants are now known quite well, uncertainties in the values of Ye@e, Ge, 
De and B may be considerable. 


TABLE VIL - SPECTROSCOPIC CONSTANTS FOR HYDROGEN BROMIDE 


: 79 Dependence 
BP Er op 


2648+6 19 
44°865 
—0-0294 


ater ptr 
2648-204 | 1885-327 | 1884-748 
44-850 22-732 22-718 
0.0294 | 00106 | -0-0106 


8469, 84665 4+290, 4+ 287, 

0-231, 0-231, 0-083, 0-083, 

3-90,x107* | 3-90,x 10% | 9°6,x 107 | 9+5,x 10 
-8x 10°° -8 x 10° —2,x 107° | -2,x 10° 


0-995 411, | 0-995 721, | 196457, | 1965 77, 


Notes:- 

(1) The meaning of these quantities may be illustrated by the following 
relations for H’’Br:- 

= 2648°61, (v+'2) — 44-86, (v+%)* - 0-029, (v+%)>, 
By = = ¢ 469, - 06231, (v+2). 
= [3+90, - 000, (v+%4)l x 107, 

(2) p= ae i)» with pt the teduced mass. 

(3) mie vibrational constants are from Keller and Mielsen.* The 
rotational | constants for HBr are from Thompson, jvilliams and 
Callomon,’® those for DBr from Keller and Nielsen.* These two 
sets of constants are however not quite compatible. 

(4) The value of re has been calculated from the data on the micro- 
wave spectrum of DBr (see page 790), 


The Raman effect in gaseous hydrogen bromide was observed:*’ shifts 
were found at 2556 cm.* from Hg 4047 and 4358 A. The Raman ‘line’ really 
consists of a more or less broad Q branch, with a maximum at 2550 cm%", and a 
long-wave-length edge*® (near to Q = 0) at 2558 cm:* This is in excellent 
agreement with the value 2598+. cm:* expected from infra-red measurements.*® 

In liquid hydrogen bromide,** the Raman fre quency is smaller: the long- 
wave-length edge drops to about 2487, and the maximum to 2466 cm:* The 
Raman spectrum of the crystal at 155°K. is similar.’ This displacement of 
the frequency in the crystal to values lower than for the free gas has also been 
studied in the infra-red region:*° in the low-temperature phase, two peaks are 
observed®’ (see page 643). The displacement decreases as the temperature is 
increased. 

Similar displacements are observed in the Raman spectra of hydrogen 


bromide dissolved in various solvents.””?? Representative values are as 
follows:- 
Solvent Frequency, cm?* 

(Gas) 2558 

Carbon tetrachloride 2519 

Chloroform 2500 

(Liquid) 2466 

Chlorobenzene 2483 

Ethyl bromide 2471 

Benzene 2453 


Although these effects are probably more complex than will admit of any 
simple interpretation, some correlation with the low frequency dielectric 
constant of the solvent is suggested. 
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Concentrated solutions of hydrogen bromide in ionizing solvents such as 
ethyl alcohol, diethyl ether and acetic acid have no features which can be 
interpreted as arising from a vibration H-Br in an independent diatomic mole- 
cule.** The Raman spectrum of hydrogen bromide in diethyl ether at -40°C 
has been discussed in terms of the formation of a molecular compound.” 
Concentrated aqueous solutions of hydrogen bromide show, as do those of 
other acids, infra-red absorption bands at 2+3, 2°55 and s “Sp not given by 
water alone. 24,28 Ty crystalline HBr,H,O the only spectrum observed® is that of 
the oxonium ion, H,O*. 

The determination of the intensities of infra-red transitions is of great 
interest because of the information they may give about the polar properties of 
the absorbing molecule. Rosenthal*® calculated the relative intensities of 
the second, third and fourth overtone bands of hydrogen bromide with respect 
to the fundamental, assuming a Morse potential function: as in the case of 
hydrogen chloride, her estimates are too high. Bartholomé”’ attempted to 
measure the absolute intensity of the fundamental band: however, his result is 
very low, probably because he used inadequate spectral taeoleine power.”® 
The absolute intensities of the fundamental and first overtone bands have 
recently been measured very carefully by Penner and Weber.” They obtain:- 


ar (1-0 band) = 55 + 15 cm?” atm?* 
a, (2~0 band) = 0-70 + 0-30 


at 297 + 2°K. From these values, the variation of electric moment, p(&), with 
displacement, €=(r-re)/re, where r is the internuclear distance, was found to 


be: 
p(& = pe + [0-820 x 10° + (1-683 x 10787 or -0-169 x 107**E7)], 


(For the relation between p(&) and a, see Crawford and Dinsmore,*”* also 


page 641). The refractive index of hydrogen bromide and of deuterium brom- 
ide has been measured in the visible and ultra-violet regions,** but observa- 
tions in the infra-red, which could be used to check the absolute intensities of 
the absorption bands, do not appear yet to have been made. 

Transmission measurements in the region of the fundamental band of 
hydrogen bromide have been made:** however, as in the case of hydrogen 
chloride (see page 643), the transmission proves to be a non-linear function of 
the total pressure, so that the simple theories of collision broadening are 
inapplicable. _ The factors governing the emissivity of gaseous hydrogen 
bromide in the infra-red region have been discussed.°* 

The emission spectrum of hydrogen bromide in the region of the funda- 
mental band has been studied.** The source was a hydrogen-bromine flame. 
In addition to lines of the 1-0 band, a number of lines of the 2—1-band were 
observed. Rotational temperatures of 1400 + 70°K. were found ‘for both 
bands: the vibrational temperature was estimated to be 1400 + 125°K. Thus 
in the region of the flame examined, there appears to be equilibrium between 
the rotational and vibrational modes of excitation. 

The spectrum of a discharge in gaseous hydrogen bromide***® contains no 
discrete electronic bands attributable to this molecule in the region above 
2000 A., but, according to the ,conditions, various continua or the 7% = 7I]; 
system of the molecule-ion HBr* (q.v.), may be excited. Although the con- 
tinua, of which the most characteristic have Amax = 3480 and 2870 A., have 
been interpreted as arising from transitions from repulsive upper states to the 
ground state either of the molecule-ion® or of the molecule,***®*? it is in fact 
by no means certain that either species is responsible for the emission.‘ 

The ultra-violet absorption spectrum of gaseous hydrogen bromide is 
continuous at wave-lengths down to about 1500 A. Early investigations******* 
were confined to wave-lengths above 2000 A., and several attempts were made © 
to establish a correlation between the long-wave- length limit of the absorption 
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continuum and the dissociation energy. However, this limit is not sharp, an 

it is not surprising that it is given variously as 2640,** 3260,** 3090* 
2700 A.** Information about the dissociation energy may properly be saree 
from such measurements only by computing the course of the potential energy 
curve for the upper repulsive state.***°*? The most careful and extensive 
sets of measurements of the extinction coefficient are those of Goodeve and 
Taylor*® and of Romand.*”? The former cover the range 1800 to 2850 A., the 
latter 1400 to 2300 A. The agreement between the two is good except that 
the extinction coefficients of Goodeve and Taylor at the low wave-length end 
of their range are somewhat higher than those of Romand (see Fig. 4). 


2:0 


mail| 
40,000 50,000 60,000 70,000 80,000 
Pigs 4, ABSORPTION SPECTRUM OF HBr IN THE ULTRA-VIOLET 


Both Goodeve and Taylor,*® and Romand,*® have made approximate calcula- 
tions of the shape of the potential curve for the repulsive upper state. Since 
the dissociation energy of the ground state of hydrogen bromide is known (see 
page 795), it is possible to identify the states of the atoms to be correlated 
with the upper molecular state: they prove to be ground states, H(?SY) + 
Br(7P). It may be, however, that more than one upper molecular state is 
responsible for the abaception in this region (see page 794): the present 
experimental data do not suffice to resolve this question. 

The discrete absorption bands (Fig. 4) were measured earlier by Price.” 
They arise by transitions to two states B and C separated by an interval © 
related to the interval chy ~ Ty, i in the ground state of the ion HBr*t. Similar 
bands are observed in the methyl halides which lead on to Rydberg series. 
By a comparison of the positions of the states B and C in hydrogen bromide 
with the term-values of the analogous states in methyl bromide, Price was 
able to derive a value for the ionization potential of hydrogen bromide, later 
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corrected” to 12-1, eV., or 279+, kg.-cal./mole. The constants for the states 
_B and C are as follows:- 


the Oe Lees 


CCID. + 70542 2506 58 cm;:* 
B (ID 67084 - = 


Mulliken®*** has considered the electronic states of hydrogen bromide in 
some detail. The ultra-violet absorption continuum” arises from a valence- 
shell transition involving the transfer of an electron from a nearly non-bonding 
7 orbital to an anti-bonding o orbital, thus:- 


Ong ries" PIe eee, Seah 


The allowed transitions from N *%* are to Q git “lois ul, DUGIt Is probable 
that in hydrogen bromide most of the intensity is in the transitions Q “IH, *II]< 
N, Both “II and ‘II, arise from ground-state atoms H(’SY) + Br(*P¥), but plige 
correlates with HPSY y+ BEB). 

The absolute intensity of ‘the Q<—N transition may be determined, both 
theoretically and experimentally. oreo lieth ais the abs orption coefficient 
defined by /,, = I}.e"*v!, with 1 the length of absorption path in cm. (Ky is, for 
a gas at 0°C. and 1 atm. pressure, related to the molar decadic extinction 
coeffieient, éy, defined by [yy = 1}.10°&V%!, with ¢ in moles/litre, bya he 
0-1028 1), ‘then the dipole oe D, for the transition is given by: - 


= (3he/87*Ne?){y.Ky.dv/v 
= 3-88 x 10° fy, Kypdv/v 
For a gas, y = n (refractive index) X 1. 


In the case of hydrogen bromide, Mulliken finds, from the data of Goodeve 
and Taylor,*® D(N,Q) = 0-058 A*. Values interpolated between the results 
calculated for the corresponding transitions in hydrogen chloride and hydrogen 
iodide are 0-19 according to an atomic orbital approximation, and 0-098 
according to a linear combination of atomic orbitals (molecular orbital) ap- 
proximation. 

The states B and C found by Price at shorter wave-lengths are repre- 
sented™ as follows:- 


Ci (atm, “UtAba 
B:. (arn, 113/)bo 


with J J-like coupling between the o electron and the HBr’ ion core. 
The ionization potential for the process:- 


Ost i> Gael 


was predicted®’ to be 12:43 eV. (for the mean of the “IIs, “11+ states of the 
ion). Correcting this to give the ionization potential to thy of HBrt, there is 
obtained 12-27 eV., in good agreement with the experimental value, 12. 15 eV 

The bond momene in hydrogen bromide has been calculated by an ionic- 
covalent resonance treatment.** What seems to be a rather naive attempt has 
been made to correlate the position of the ultra- violet absorption bands with 
the ionic character in the hydrogen halides.°® Potential energy functions for 
the ground-state of hydrogen bromide have been examined.®*® Relations 
between force-constant and internuclear distance have been considered. 
Fajans™ has discussed the electron affinity of hydrogen bromide. 

The dissociation energy of hydrogen bromide cannot be obtained directly 
from present spectral information.© It may be derived from the heat of forma- 
tion® thus:- 
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He a Bio} = HBrg 
ne = ABra] 
Hg = = 4Hag 52°09 
Thus DUB) ay ers AG kg.-cal., corresponding to 
D (HBr) = 86-60 kg.-cal. /anole. 


AS, = 866 kg.-cal. 
26°71 
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THE HYDROGEN BROMIDE MOLECULE ION, HBr’ 


Early attempts*to excite a spectrum of hydrogen bromide were unsuccess- 
ful. Subsequently Norling*® showed that a band-system of HBrt may be 
excited in hollow-cathode discharges through gaseous hydrogen bromide. 
The system, 7%* - "Ij, is entirely analogous to the system observed for HCI’. 
Norling carried out rotational analyses of the 1,0 and 0,0 bands: the 0,1 and 
1,1 bands have since been studied.‘ Constants for the two states are ‘given 
below:- 


State 1... ems Oe, Chee ewe, Cina pa eens 
ACS” 29227 1409 40 1-684 
x jy, i? 2450 50 1-448 


The value of the dissociation energy for the ground state may be obtained 
from the cycle:- 


D (H8r*) = D (HBr) + /.P.(Br) - 1.P.(HBr). 


With D (HBr) = 86-6,kg. -cal., I.P.(Br) = 11-84 ev., and /.P.(HBr) = 12-10 ev.,** 
there is obtained D(HBrt ) = 80-6, kg.-cal. Thus the molecule-ion is slightly 
less stable than the hydrogen bromide molecule. 

Both the spin-splitting in A 7%* and the A-doubling in X 7; are large, 
and the system illustrates these effects particularly clearly.” 
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BROMINE OXIDES 
DIBROMINE MONOXIDE, Br,O 


Extinction coefficients of dibromine monoxide in carbon tetrachloride 
solutions containing free bromine have been measured’ in the range 4000 to 
7500 A. There is a shallow maximum at about 6400 A.: at 4000 A., €(Br,O) 
~ 100 which may be compared withe(Br,) ~ 200. 
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Reference 


I Brenschede, W. & Schumacher, H.J., Z. anorg. Chem., 1936,226,370-84. (30,4419) 


BROMINE OXIDE, BrO 


Emission bands in the region 4000 to 5000 A. have been observed in the 
spectra of various flames, e.g. that of ethyl bromide burning in oxygen’ and in 
the oxygen-hydrogen flame to which methyl bromide or bromine has been 
added.* The bands are red-degraded, and their vibrational analysis supports 
the identification of the emitter as the molecule 3r0. The constants (cm*") 
are as follows:-” 


State T, ®e  XeWe 
A 24813 AGYy = 457 
x O15 Yi 


It is not certain that the state X is the ground state of the molecule. The 
value of the energy of dissociation obtained by extrapolation is about 40 
kg.-cal./mole. 

Unlike ClO, BrO is not detected in the reaction between bromine and 
oxygen in flash photolysis.° 
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THE BROMIDE ION, Br 


The bromide ion dissolved in water does not absorb heavily in the near 
ultra-violet region of the spectrum.** The extinction coefficient, ¢, attains a 
value of one at about 2300 A.: the absorption then rises rather steeply with 
decreasing wave-length to a maximum with ¢ = 1+1 x 10* at 1995 A., followed 
by a second maximum® with ¢ = 1-2 x 10* at 1900 A. The separation between 
these peaks is somewhat smaller than the separation *P¥, ~ *P¥/ in the bromine 
atom. Similar results are obtained with non-aqueous solvents: the effect of 
raising the temperature of the solution is to shift the absorption to somewhat 
longer wave-lengths.* The transition responsible for this spectrum is inter- 
preted as a charge-transfer process”® (see page 655). 

Observations on the ultra-violet absorption spectra of solutions of bromine 
in aqueous potassium bromide provide evidence’ for the existence of the tri- 
bromide ion, Br,. 

' The effect of dissolved potassium bromide on the absorption band of water 
at 0°77 4 has been studied.*° 
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HYPOBROMOUS ACID, HBrO: THE HYPOBROMITE ION, Bro” 


Both these species absorb appreciably in the near ultra-violet region.’ 
The value of the extinction coefficient, ¢, for hypobromous acid is about 10 at 
3850 A.: the absorption increases slowly with decreasing wave-length and 
has been followed to € = 15 at 2800 A. 

The hypobromite ion shows a maximum (€ ~ 280) at 3300 A., a minimum at 
about 2600 A., and a further increase in absorption towards shorter wave- 
lengths. 
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BROMIC ACID, HBrO, 


The Raman spectrum of a strong aqueous solution of bromic acid (50+6%) 
indicates that at this concentration the halogen is all in the form of bromate 
ions, BrO3, of symmetry’ C,,. 
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THE BROMATE ION, BrO, 


The absorption spectrum of the bromate ion in the ultra-violet region has 
been measured.* The molar extinction coefficient, ¢, increases from a value 
of about 1 at 2700 A. to about 2000 at 2000 A. (The chlorate ion has ¢€ ~ 1 at 
2250 A.) The maximum lies at some undetermined wave-length below 2000 
A. The spectrum is interpreted as a charge-transfer process (see page 655). 

The Raman spectra of aqueous solutions of bromates have been studied by 
a number of workers.** The observation of four shifts, together with the 
results of depolarization measurements,* indicate that the ion, like the 
chlorate and iodate ions, is pyramidal, with symmetry C,;,. The assignments 
and degrees of depolarization, p, of Shen, Yao and Wu‘ are as follows:- 


Species v, cm." p 
us Ay 806 0-38 
V, A, 421. - 
V3 E 836 a? 
Vy sah 356 0+89 


Solutions of magnesium and zinc bromates in ethyl alcohol and in acetone 
have also been studied:’ the changes in Raman frequency from the values in 
aqueous solution are very small. 

The Raman spectra of crystalline bromates differ in important respects 
from the spectra observed in aqueous solution*®»**° although the bromate ion 
retains its C,, symmetry in the crystal. However the frequencies of the ion 
are split in the crystal field® and the intensities and depolarization factors 
depend on the orientation of the symmetry axes of the crystal relative to the 
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tog 


directions of irradiation and observation in ways not yet fully understood. *”° 
The infra-red spectra of crystalline bromates have been studied both by 


reflection** and absorption.*»*4 
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SECTION XXVIII 


THE ANALYTICAL DETERMINATION OF 
BROMINE, BROMIDE, HYPOBROMITE, AND BROMATE. 


By Lb. AHADDOCK 


TEE TITRIMETRIC DETERMINATION OF BROMIDES 
USING INDICATORS 


THE reaction Br” + HCN + 2+ —> BrCN + H* may be used for the determina- 
tion of Br ,* either by measuring the amount of oxidizing solution required, or 
by removing the excess of oxidizer, and titrating the cyanogen bromide with 
thiosulphate after adding potassium iodide. Reducing agents such as acid 
solutions of arsenite, hydrazine, CNS, oxalate, nitrite and Fet* do not reduce 
cyanogen bromide but will reduce oxidizing agents such as potassium iodate. 

The ions Br’, CI and I may be determined in presence of one another by a 
mouification of this method.* To the sample dissolved in 50 ml. of water are 
added 10 ml. of N-potassium cyanide solution, enough hydrochloric acid tomake 
the concentration 10% and potassium bromate solution added dropwise until the 
yellow colour of bromine is no longer evident. Immediately afterwards 20 ml. 
of 10% aniline hydrochloride solution and 10 ml. of approximately 0-1 N-potas- 
sium bromide are added and, after 30 sec. or longer, 1 g. of potassium iodide; 
the liberated iodine is then titrated with thiosulphate. The method has been 
used for the determination of bromide in oilfield water® and for the microtitra- 
tiea-of Br-.3 

A number of adsorption indicators have been recommended for use in the 
argentometric titration of Br. Eosin or fluorescein gives better end-points with 
Br than the Mohr chromate end-point.* The use of diphenylamine blue has 
been proposed:° the hydrosol silver bromide adsorbs the indicator to give a 
green solution which becomes clear and violet at the end-point, and acidities 
up to 5N. can be tolerated. The general use of Fajans’ indicators (eosin etc.) 
has been reviewed and the effects of cations on the argentometric titration of 
Br predicted.’ The use of a-naphthoflavone for Br’ has been suggested® and 
the use of copper nitrate with benzidine acetate has been recommended for Br’, 
but not for Cl”.” A range of luminescent indicators such as sodium fluorescein, 
erythrosin, phloxin, rhodamine 6G, primuline, thioflavine S, umbelliferone etc. 
are available,*® with which titrations are carried out in ultra-violet light and 
under certain conditions one halogen may be determined in presence of another. 
Mixed absorption indicators have been proposed, e.g., fluorescein and methyl- 
ene green for Br in neutral solution.** If excess of 0-01N-silver nitrate 
is added to the neutral Br” solution containing one drop of p-ethoxychrysoidine 
solution, and the silver bromide is coagulated, the excess Ag’ can be titrated 
with 0-01N-potassium iodide solution. The colour change produced is from red 
to yellow, while the precipitate at the end-point is deep red.’? N-Methyl- 
diphenylamine red in a strongly acid solution has been used as an absorption 
indicator’* while some workers prefer resorcinolquinolein and resorcinol- 
cinchomeronein as indicators in the titration of Br against Ag’ in presence of 
acetic acid, 
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Numerous proposals have been made to use Hg* or Hg** in place of Ag* 
for the titration of Br and excellent results are obtained by using mercurous 
nitrate in the presence of sodium alizarinsulphonate as adsorption indicator.’ 
Bromophenol blue may be similarly used*® as also may chlorophenol red and 
bromocresol green.*” If 0-1 ml. of 1% diphenylcarbazone is used as indicator, 
Br may be titrated with mercuric nitrate in a solution which is 0-2N. in acidity 
with nitric acid.’® Mercurous perchlorate may be used with bromophenol blue 
as adsorption indicator,’® while mercuric nitrate may be used with dipheny]l- 
carbazide in the presence of about 10/~/15% of dioxan added to the aqueous 
solution.*° Other workers also recommend mercuric nitrate, but use as indicator 
1 g. of mercuric chloride and 05g. of diphenylcarbazone in 100 ml. of acetone;”* 
ether is added to prevent interference by adsorption as the reaction depends 
upon a Hg*t/Hg** balance. Tetraiodophenolsulphophthalein has been employed 
as indicator;?* it helps to coagulate the mercurous bromide in acid solution, 
and imparts to it a pale yellow colour which at the end-point changes to violet, 

Oxidation of Br- to bromine, followed by distillation of the latter, is widely 
recommended. A modified Lange apparatus for this determination is described.** 
The bromine is liberated with potassium permanganate and dilute sulphuric acid 
and subsequently absorbed on zinc dust to form zinc bromide. This method 
which is much used in the potash industry is further described by other wérk- 
ers.** Alternatively, the bromine thus distilled off may be caught in sodium 
bisulphite solution, the excess sulphur dioxide removed by blowing air through 
the solution after acidification, and the bromine again liberated with standard 
potassium permanganate solution and measured by the volume of oxidizing 
agent used.”° Among other oxidants proposed are chromic oxide?® and chlor- 
amine-T;?? with the latter in acid solution some bromine is liberated while 
MeC,H,SO,NBr, is also precipitated.” 

In a concentrated solution containing HCO,, bromine can be converted into 
BrO,; by means of an excess of chlorine, and after removing this excess with 
phenol the BrO, can be reduced in sulphuric acid solution by adding I and the 
liberated iodine then titrated.*? 10 ml. of N-potassium hypochlorite in 0-1N- 
caustic potash may be used for this oxidation. The mixture is heated to 85°C. 
and saturated boric acid solution is added. After 5 minutes further heating 
excess hypochlorite is destroyed by means of N-hydrogen peroxide. Excess 
of this latter is itself destroyed by boiling.*° The following simple method 
may also be used for the determination of Br. Precipitate Br as silver 
bromide by means of a measured volume of 0-1N-silver nitrate. Filter off the 
precipitate and wash it well. Add starch and 0-1 ml. of 0-1N-Ce***” solution. 
Titrate the mixture with 0-1N-potassium iodide to a permanent blue colour. ** 


TEE VOLUMETRIC ESTIMATION OF 
BROMIDES ELECTROMETRICALLY 


_ Bromine may be determined electrometrically by direct titration in hydrogen 
cyanide solution, using a monometallic electrode system, with potassium 
permanganate to form cyanogen bromide; I is also oxidized to cyanogen iodide 
but a selective determination of I is possible so that Br may be determined 
rapidly in presence of considerable Cl” or I.*? A potentiometric method for 
the titration of bromide with silver nitrate is carried out with two silver wire 
electrodes connected through a galvanometer; one wire is kept immersed in the 
stirred solution while the other, wound on an absorbent non-conducting rod, is 
withdrawn during the titration.°* The potentiometric titration of free bromine 
with titanous chloride has been proposed,** but it is said that hydrazine is 
better than titanous chloride because of its greater stability.*° Free bromine 
liberated from BrO, may be titrated with thiosulphate solution, using a platinum 
electrode and a calomel cell.*® Bromine in brine is measured by potentiometric 


Refs. p. 809 . 


802 BROMINE 28 


titration with hypochlorous acid in the presence of sulphuric acid and excess 
sodium chloride.*? The following cell is described for the titration of Br: 


Pt/Hg,Pb/PbSO,/MgSO,/unknown/AgBr/Ag. 


The lead is present as a 5% amalgam.*® Hypochlorite acidified with sulphuric 
acid may be used to oxidize Br in saline solutions. The mixture of chlorine 
and bromine is titrated with thiosulphate by a noncompensation measurement 
of the p.d. between the electrodes. After a short time of stirring (0-5 — 1 min.), 
the galvanometer reading is taken, the standard solution is added drop by drop 
until the galvanometer is deflected to 1 scale division, the reading is taken 
again and the amount of reagent added between the first and second readings 
is measured. The reagent is again added until the galvanometer is deflected 
to the next scale division and the procedure is repeated until the titration 
curve is completed.*® By direct electrolysis of silver bromide dissolved in 
20% potassium cyanide solution, using a rotating iron anode and a nickel- 
plated copper cathode, the error of a determination is less than 0+2%.*° 

A detailed study of the electrometric titration of halides in the presence of 
each other has been made.** In place of a silver electrode used in conjunction 
with a calomel cell, it is satisfactory to use a bimetallic electrode of mercury/ 
silver and pure silver. Correct end-points for Br in presence of Cl’ may be 
obtained by adding 5% barium or sodium nitrate. It has been remarked that 
in potentionetric micro titrations, e.g. with 0-001N-potassium bromate, the 
change in direction of the precipitation curve does not correspond exactly with 
the end-point, and that the error is proportional to the volume of solution and to 
the solubility product of the precipitate and inversely proportional to the 
square of the normality of the solution.*? 

Free bromine may be titrated with 0-01N-aniline at pH 1-4 — 2-2, the end- 
point being reached at 830 mv.; the rheostat is then set for 966 mv. (18°C.), 
the direction of the current is changed and the Br is titrated with 0-01N- 
sodium hypochlorite after the addition of 5 ml. 20% sulphuric acid and 20 g. 
sodium chloride.** A rotating micro-electrode has been described for voltam- 
metric measurements and current-voltage curves are given for bromine.** Silver 
bromide and silver iodide do not cathodically depolarize a rotating platinum 
electrode, but silver chloride causes a cathodic current to pass even in pre- 
sence of excess Cl’.** It is possible therefore to titrate Broor I” in presence 
of Cl if no gelatin is added to suppress the current due to silver chloride. 
By this method Br may be determined to within 1% in 0-02 — 0-1N-Br’ solution, 
but the results are inaccurate in more dilute solutions.*® Halide solutions may 
be electrolyzed with a silver anode at carefully controlled potential: the 
quantity of electricity used, as determined by a coulometer, is a measure of 
the amount of halide present. Mixtures of iodine and bromine (but not of bromine 
and chlorine) can also be determined with a high degree of accuracy by succes- 
sive electrolyses at the appropriate potentials.*” 


THE DETECTION AND ESTIMATION OF BROMIDE © 
IN PRESENCE OF OTHER INTERFERING RADICLES. 


Bromide may be detected in presence of chloride by adding 1 ml. of 0-5% 
potassium permanganate and 1 ml. of phosphoric acid to 5 ml. of water contain- 
ing 0-5 g. salt, and heating for some minutes in a tube covered at the open end 
with fluorescein paper: 0-2 mg. Br can thus be detected.*® One part of Br in 
40000 of Cl” may be detected by a similar test, fluorescein being converted | 
into the red dye eosin.*® To detect bromide in sodium chloride (down to 3 mg. 
Br in 100 g.) 10 ml. of the solution is treated with 1 drop of saturated fuchsin 
solution (0-2%) and then a dilute chlorine solution (0-00024 g. Cl/ml.) using 
twice the number of drops previously found to decolorize 1 drop of the fuchsin 
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in 10 ml. of water. If Br is present, a pink to violet coloration is observed.®° 
This technique is a modification of Guareschi’s test which is recommended.™ 
If the solution is oxidized with 4 — 5% potassium permanganate or 10% chromic 
acid and the liberated bromine absorbed in weak potassium iodide solution, it 
is possible to detect 0-5 mg. of bromine in the presence of 1 g. of potassium 
iodide.®°? Potassium iodate and dilute sulphuric acid may be used to liberate 
bromine in presence of Cl’.°* If iodine is liberated from solution with sulphuric 
acid and hydrogen peroxide and adsorbed on charcoal, Br” may then be detected 
in the filtrate ’* Sodium perborate is also used as an oxidant for this purpose.® 

To detect Br or Cl in presence of CNS” 8 — 10 drops of pyridine and 
excess of neutral copper sulphate solution are added to a neutral solution of 
the salt: CNS” is precipitated entirely as Cu(CsHsN).(CNS),, leaving Br™ in 
solution.®°® Similarly a nickel compound, Ni(C,H,N),(CNSe), is used to remove 
CNSe’.°” The use of ammoniacal silver chloride solution to precipitate silver 
bromide is criticized because of its lack of sensitivity, and it is suggested 
that excess ammonia be replaced by hexamethylenetetramine.°* The recom- 
mended procedure is as follows: dissolve 0-1 mol. of freshly precipitated 
silver chloride in a mixture of 300 ml. of cold saturated hexamethylenetetramine 
solution, 300 ml. of cold saturated sodium chloride solution and enough ammonia 
to maintain solution; add sufficient water to bring the total volume up to 1 
litre. With 1 ml. of test solution and 1 drop of reagent, 0-01% bromine can be 
detected in Cl’ solution. The interference of CN during the titration of Br 
may be prevented by previously adding 5 ml. of 20% formaldehyde, whereby 
hydrogen cyanide is converted to glycollate and hexamethylenetetramine.*? 
A comprehensive scheme for detecting CNS, I, Br and Cl in a mixture has 
been described.®° 

To determine Br in presence of excess I the latter is liberated by means 
of sodium nitrite and sulphuric acid and removed by filtration, followed by 
boiling, when Br (and Cl’) remain in solution.® Sulphuric acid, sodium nitrite 
and chloroform may be used to remove I from solution,® Br” being simul- 
taneously oxidized to BrO;.°* Iodine as hydrogen iodide may also be removed 
Pyomicansot acetone, 2HhvemHiOs+.3C, H On > 3C He 10 +°3H;0: neither 
hydrogen bromide nor chloride is thus oxidized and they may be determined 
argentometrically.™ 

Bromine may be liberated quantitatively from a solution containing some 
hydrogen chloride by means of acid hydrogen peroxide:®* the bromine is distil- 
led off and absorbed in brine or magnesia, or alternatively it may be extracted 
with petroleum spirit.°° 

If permanganate is used as oxidant, bromine and chlorine are liberated 
from Br and Cl” while I” is oxidized to IO}.°7 Potassium permanganate with 
phosphoric acid has been recommended® and it is said that I will oxidize 
mainly to IO} if sufficient permanganate is present, but there is a tendency 
for chlorine to be liberated if Cl” is in high concentration. Dichromate may 
not be substituted for permanganate, as the former liberates chlorine much 
more readily.© If iodine is first removed with nitrite and acid, bromine may 
be distilled off after adding 3 g. of fresh manganese dioxide and 25 ml. of 20% 
sulphuric acid; the distillate is caught in 3% caustic soda containing some 
sodium sulphite.”° 

In the presence of Cl’, bromide ion may be oxidized with acid potassium 
iodate to bromine, but very high concentrations of Cl” interfere.” If I is 
present, some workers prefer to use periodate.” This reagent oxidizes I to 
IO; in presence of boric acid while Br is oxidised to bromine, which must be 
continuously removed by air blowing. A mixture of nitric and chromic acids 
has also been recommended for the oxidation.”* The determination of Br in 
presence of 1000 times as much Cl” has been studied.’* The two oxidation 
potentials are too close to permit a complete separation by selective oxidation, 
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but it is possible to oxidize Br completely to bromine with very little oxida- 
tion of Cl to chlorine. If the liberated bromine is fixed as Br and the process 
repeated, a very good separation may be achieved. A buffered solution of 
fluorescein is used for determining losses of Br in Cl (0-1 yg. Br in 1 g. 
potassium chloride) and it is possible to distinguish between 0-1, 0-2, 0-4 pg. 
etc., of Br in the control tests. A study has been made of the errors in the 
potentiometric titration of Br and Cl in admixture caused by adsorption and 
the formation of a solid solution of silver chloride in silver bromide.” 

Bromine may be titrated potentiometrically after it has been liberated by 
hypochlorous acid in the presence of excess potassium chloride.”° The method 
may be applied also to a mixture of Br and I’, but it is considered that hypo- 
chlorite’oxidizes these ions to iodine mondchloride ahd bromine monochloride?” 
Sodium hypochlorite may be used in presence of calcium carbonate to oxidize 
Br to BrO;: excess OCI is then destroyed with sodium formate.’7® A con- 
trolled pH of 9:0 — 9-4 has been proposed for the oxidation of Br. with a known 
amount of ClO". The BrO™ which is formed is reduced with alkaline phenol 
solution and excess ClO’ is then determined by arsenite titration. The re- 
corded errors are less that 0-03 mg. on 20 — 100 mg. of bromine.’ 7 

It is possible to co-precipitate silver chloride and silver bromide on a 
micro scale, to weigh the precipitate and to convert it entirely into silver 
bromide by heating twice with 6 times its weight of ammonium bromide. Simi- 
larly silver bromide may be converted into silver iodide by heating with 
ammonium iodide.*° This procedure has been endorsed provided I” is removed 
by treatment with sulphuric acid, potassium iodate and acetone whereby iodine 
is converted into iodoacetone and so is not precipitated with silver nitrate.™ 

It is shown that even traces of Br in the potassium chloride of a calomel 
cell influence the e.m.f. and this phenomenon may be used as a means of 
estimating Br” in potassium chloride.*® 


THE DETERMINATION OF BROMINE IN ORGANIC COMPOUNDS 


The determination of bromine in organic compounds involves initially the 
methods already described for chlorine. After destruction of the organic 
matter, the evolved gases are absorbed by some suitable absorbent and the 
bromine is determined by one of the procedures previously described. If 
chlorine and iodine are present, a suitable method which allows the deter- 
mination of bromide in the presence of iodide and chloride must be used, as 
outlined in the preceding paragraphs. 

A number of errors may arise in determining bromine in heavily brominated 
bodies such as hexabromobenzene by Stepanov’s method (sodium and alcohol). 
Good results may be obtained in such cases by replacing ethanol with butanol.* 

Where it is desired to know only the bromine and not the chlorine content, 
and assuming that iodine is absent, a method such as the following may be 
used.°* The sample is oxidized over a platinum catalyst and the halogens are 
absorbéd in caustic soda solution: Br is then oxidized by hypochlorite to 
BrO; which is titrated iodometrically. Other workers have also recommended 
this procedure®* but some prefer to destroy organic matter in a Carius tube, 


which is subsequently opened at ~75°C. in the presence of excess caustic 
soda solution.*® 


THE ANALYSIS OF HYPOBROMITES 


Hypobromous and bromic acids may be determined together iodometrically. 
The former is destroyed by adding excess of phenol, while bromic acid remains 
unchanged and may be determined separately®’ This procedure is recommended 
and it is noted that hypoiodous acid, but not iodic acid, reacts similarly with | 
phenol.*® For the determination of hypochlorous and hypobromous acids 
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when present together, the total ClO” and BrO” is measured in bicarbonate 
solution by titration with arsenite, while ClO” is determined by making the 
solution slightly basic with caustic soda, adding 0-5% phenol solution followed 
by a slight excess of caustic soda, and after shaking for 7 — 10 sec., adding 
first excess 0-1N-arsenite solution and 75 ml. of 5% sodium bicarbonate, then 
2N-acetic acid until effervescence occurs on shaking, and finally titrating with 
QO-1N-iodine. Further modifications allow the simultaneous determination of 


Berl ClOe and BrO..t? 


THE ANALYSIS OF BROMATES 


Bromates, like chlorates, may be measured by the quantity of reducing agent 
required to reduce a known quantity of the salt. For this reason most of the 
- methods embodying this principle and described under chlorine may be employed. 
The optimum conditions for the electrolytic reduction of BrO, 1n 0-5N-hydro- 
chloric or sulphuric acids have been described.°° A mixture of bromine, Br 
and BrO; in neutral solution may be analysed as follows. Bromine is titrated 
potentiometrically against 0-01N-aniline sulphate, after setting the instrument 
to 830 mV.: the poles are then reversed and set at 800 mV., and an excess of 
0-O1N-antimony trichloride, 20 g- sodium chloride and 5 ml. of 20% sulphuric 
acid are added, the excess Sb** being titrated with 0-O01N-KBrO,. Finally the 
bromine now present in solution is titrated with 0-01N-hypochlorite.** Bromate, 
hypobromite and bromide in admixture may be analysed by the methods used for 
the corresponding chlorine compounds, the main difference being that Br in 
acid solution is quantitatively oxidized to BrO” by means of BrO,.°? Methods 
depending upon the determination of free halogen by expelling it in a stream of 
gas do not give good results with bromine. 

Fourteen pg. of potassium bromate may be detected in 2 ml. of solution by 
adding Iml. of 3-4N-hydrochloric acid and 1-2 drops of 0-015% methyl orange 
solution: ClO;, 103, S,O, and other oxidizing agents react only after several 
minutes.** If 0-1 ml. of a solution of fluorescein is added to 1 ml. of test 
solution and the mixture is boiled, cooled and treated with 1 — 3 drops of 0-1M- 
chloramine, 10 yg. of potassium bromate can be detected in 0-2 g. of potassium 
chlorate.°* Bromate and persulphate may be determined in admixture by means 
of the reaction of persulphates with potassium iodide in neutral solution whereby 
iodine is liberated; atter acidifying with hydrochloric acid and adding am- 
monium molybdate as catalyst, BrO,; may then be determined and the results 
are good over the range 0-5 — 10 mg.”® In the absence of Br, which must be. 
removed if necessary, one drop of solution containing 0-4 mg. BrO3 reacts with © 
a 0-5% solution of manganese sulphate in 50% sulphuric acid to give the colour- 
ed permanganate ion.*® This reaction is not given by ClO, or IO,. The accuracy 
of Junck’s method for the determination of BrO, in presence of ClO,, which 
depends upon the fact that BrO} reacts with potassium iodide in dilute hydro- 
chloric acid whereas C10, does not, is reaffirmed.*” Some, however, criticize 
the reaction and maintain that potassium chlorate behaves similarly by a partial 
liberation of chlorine.°® Others consider the test to be accurate and remark 
that all chlorates may contain up to 0-03% BrQ,; they suggest the use of 
phosphoric acid in place of hydrochloric acid.*? This method has been used 
successfully in an investigation of various BrO;-ClO,-Hj/O systems.'” 

A mixture of BrO} and IO} in solution has also been analysed by a similar 
method.?™ It is found that in the presence of potassium fluoride and very weak 
hydrochloric acid only IO} reacts with potassium iodide; when the acidity is 
increased, BrO; also reacts. The use of phosphoric acid, with sodium pyto- 
phosphate if necessary, is proposed to overcome the interference of iron in the 
estimation of BrO;.*°? Bromate solutions are reasonably stable in presence 
of acid unless this be sulphuric or phosphoric acid.*®* In further studies it 
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was found that BrO, decomposed slightly in hot sulphuric or nitric acid solu- 
tions. The use of BrO;to oxidize small quantities of Br is not recommended.!™ 


THE DETECTION AND DETERMINATION 
OF TRACES OF BROMINE 


A reagent which has frequently been proposed for the detection of Br is 
fuchsin-sulphurous acid. To avoid confusing a positive reaction with a similar 
reaction for aldehydes, all excess sulphur dioxide should be removed, leaving 
in solution fuchsinleucosulphonic acid. The full reaction of this acid with 
bromine requires 14 atoms of bromine per mol.’ If the test is used with 
chloroform, a blue colour in the chloroform layer is obtained with quantities of 
bromine less than 0-1 mg.*°® This test, also known as the Denigés-Chelle 
test, can be modified by using it as a spot test on porcelain, whereby 0-8 pg. 
bromine may be detected,*°’ Jodine interferes, though F~ or Cl” does not; the 
ions S~, SCN’, SO,~, and S,O,~ are destroyed by prior treatment with per- 
chloric acid. 

The reaction of bromine with fluorescein, or better ethyltluorescein, to 
yield the red dye eosin has been described by many workers. A method of 
preparing test papers has been described, and it is found that when bromine 
is liberated with acid permanganate, 0-001% Br in sodium chloride may be 
detected.’ If chlorine is used to liberate the bromine, an excess of chlorine 
will bleach the eosin colour.*°? Nitrous and nitric acids interfere and must be 
removed by reduction with zinc.**° If hydrogen peroxide and nitrous acid are 
used to liberate bromine, the reaction is sensitive to 1 part in 12500.712 The 
eosin stain is more easily visible in ultraviolet light.*t? Iodine reacts similarly 
with fluorescein. The red colour produced by bromine is unstable in bright 
light.4** One pg. of Br” in chloride can be detected by liberating it with lead 
peroxide and boiling dilute acetic acid, the chloride being unattacked.*** 

Bromine dissolved in dry carbon tetrachloride may be detected by adding a 
solution of 0:3 mg. of dithizone in 100 ml. carbon tetrachloride: the colour 
change is to intense red and the reaction is very sensitive.’*® Bromine is 
separated from Cl” by the action of hydrogen peroxide and sulphuric acid and 
is taken up in a layer of carbon tetrachloride; if iodine is present, sodium 
nitrite is added to the solution before separating the bromine from Cl’. 

Bromide and iodide, but not chloride, give colorations when heated with 
strychnine and potassium persulphate in dilute phosphoric acid solution.**® The 
characteristic crystals produced by as little as 0-5 yg./ml. of bromine when it 
reacts with m-phenylenediamine have been described; chlorine and iodine do 
not interfere with the test.*?” 

The Guareschi fuchsin test is used quantitatively to determine traces of 
bromine in organic matter, the bromine being liberated by acid permanganate.**® 
This technique is also satisfactory for the determination of bromine in blood.’*??® 
If 10 ml. of Folin-Wu blood filtrate are added to 30 mg. potassium permanganate 
and 3 — 4 drops of sulphuric acid tollowed by 1 ml. of fuchsin reagent (5 ml. 
of concentrated hydrochloric acid and 500 ml. 0-01% aqueous fuchsin solution 
decolorized with 5 ml. saturated solution of sodium bisulphite), the mixture 
becomes violet and then pink.'?° One drop of sodium bisulphite solution is 
added to restore the violet colour and after clearing the solution with fuller’s 
earth, the solution is extracted with 5 ml. of acetone and compared with pre- 
pared standards. The presence of iodine intetferes with the method. 

The fluorescein-eosin conversion has been extensively employed in a 
quantitative manner, This reaction enables Br in body tissues to be deter- 
mined. Atter the tissues have been ashed the bromine is liberated by means 
of chloramine-T. The error on solutions containing 0+4 to 3-5 yg. bromine is 
less than 0-1 pg.**?? To test the purity of the high grade chlorides required 
for the preparation of standard cells, the fluorescein test for Br may be modified 
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by the use of uranin, whereby 0-001 mol.% bromine may be detected.'?9 

Phenol red (colour change yellow to red at pH 6-4 — 8) reacts with BrO” to 
form an indicator of the bromophenol blue type (yellow to blue at pH 3+2-4:6), 
The oxidation of Br and the bromination of phenol red is effected by using 
calcium hypochlorite in a borax buffer at pH 8-7 — 8-8: the final colour com- 
parison is made at pH 5-0 ~5+4, and 1:4 wg. Br /ml. may be determined.*** The 
conversion of rosaniline to red-purple pentabromorosaniline has been used as 
the basis of a colorimetric method for 50 — 400 yg. of bromine.'* 

Bromine in foodstuffs may be estimated by oxidizing the material with 
sodium peroxide and then oxidizing the Br to BrO} by means of hypochlorite 
in the presence of sodium dihydrogen phosphate. Excess of hypochlorite is 
destroyed by boiling with sodium formate and the BrO} produced is measured 
by adding potassium iodide to the acid solution and titrating the liberated 
iodine .*769*?7 

Over 150 papers published on the microdetermination of bromine have been 
listed by Leipert.*”® 


THE DETERMINATION OF BROMINE IN WATER AND BRINE 


The Br content of saline water may be measured by liberating bromine with 
potassium permanganate and phosphoric acid. The liberated bromine is allowed 
to react with a specially prepared fuchsin solution and the intensity of the 
colour produced is measured after it has been concentrated in chloroform. Any 
iodine present is removed by prior treatment with sodium nitrite, dilute sulphuric 
acid and chloroform.*?? A detailed study has been made of the liberation of 
bromine from very saline solutions by oxidation with permanganate at controlled 
acidity.'*° 

Weszelszky’s original procedure has been modified.*** Iodine is removed 
with carbon disulphide after the addition of sodium nitrite and acid, the Br 
being then oxidized to potassium bromate by means of potassium hypochlorite. 
Unlike potassium chlorate the bromate reacts with hydriodic acid. The suita- 
bility of the volumetric method of d’Ans and Hofer, based upon the oxidation of 
Br’ to BrO; with hypochlorite, has been confirmed’** but some alterations are 
made in the concentrations of the reagents. Other workers consider the method 
of d’Ans and H@fer slightly superior to the colorimetric phenol-red procedure of 
Stenger and Kolthoff and use it successfully to determine 0-03 — 2:3 p.p.m. Br- 
in well waters.*** The oxidation of Br to BrO; by means of boiling dilute 
hypochlorite solution at pH 6-0 — 6-5 has been further recommended.*** Excess 
‘hypochlorite is destroyed by adding sodium formate to the hot solution. Any 
iodide present is also oxidized under these conditions to iodate. The sodium 
bromide content of table salt has been measured in this manner except that 
chlorine water was substituted for hypochlorite and the solution was buffered 
with boric acid.4*® The average bromine content of table salt was found to 
be 0-02%. 

A comprehensive survey of the Br content both of sea water and of Cheshire 
brines has been made,**® and the authors recommend the procedure of Kolthoff 
and Yutzy.’*? The solution to be tested is neutralized to methyl red, buffered 
with sodium dihydrogen phosphate and treated with sodium hypochlorite. The 
mixture is then boiled, treated with sodium formate, cooled and titrated with thio- 
sulphate after adding potassium iodide, dilute sulphuric acid and a drop of am- 
monium molybdate. The oxidation of Br to BrO3 takes placecompletely between 
pH 4.12 — 7.35. Under the same conditions, I” is also oxidized to IO, and al- 
lowance must be made if it is present. Other workers prefer to oxidize Br at pH 
6 — 7: they point out that BrO, is reduced by formic acid in hot dilute sulphuric 
acid, but that IO] is not affected and suggest this fact as a means of determining 
IO; in the presence of BrO}.**” 
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THE DETERMINATION OF BROMINE AND BROMINATED 
COMPOUNDS IN THE ATMOSPHERE 


_ Most ofthe methods proposed for the detection and determination of chlorine 
in the atmosphere can equally well be applied to bromine and to brominated com- 
pounds. This generalization applies particularly to the use of the copper halide 
lamp and to reactions involving the oxidation of a selected organic compound to 
form a coloured product. The reaction of resorufin with bromine to form tetra- 
bromoresorufin has been proposed as a method for determining the halogen. The 
disappearance of the characteristic fluorescence of resorufin after bromination 
may be used as a test for bromine.**® Bromine (or chlorine) is detected in air 
by passing it through a 10% alcoholic solution of pyramidone. A violet colour 
is produced in the presence of the halogens, but the test is slightly less sensit- 
ive than that given by starch-iodide paper.**® 

The amount of iodine and bromine vapour in admixture in the atmosphere is 
also determined by absorbing the vapours in 0.02N-caustic potash, evaporating 
the resulting solution to dryness and carefully igniting the residue to destroy 
organic matter. The resulting IT and Br are determined together by oxidation 
with OCI] in a buffered solution. Another half of the original solution is treated 
witha small amountof chlorine to oxidize iodine to 103, excess chlorine is boiled 
off and sodium formate is added, after which IO; is determined iodometrically. 
The difference between the two determinations gives the amount of bromine in 
the air.'*° Bromine tnay also be absorbed on activated charcoal which is sub- 
sequently oxidized: the liberated bromine is then made to react on a small area 
of fluorescein paper.*** 

Traces of volatile bromides such as ethyl bromide may be determined in air 
by passing the air together with some water vapour through a heated quartz 
tube.*4? The hydrogen bromide produced is condensed with water after passing 
through a condenser and the Br” is determined colorimetrically. 

Other workers have passed the air through a pyrolysis chamber and thence 
arounda transparent indicating film. Light passing through this film to a photo- 
cell activates a signalling device, which responds within two minutes to 0.004 
mg./l. of bromine. 


PHYSICAL METHODS FOR THE DETERMINATION OF BROMINE 


Several workers have proposed the use of monochromatic X-rays, whereby 
bromine may be determined, for instance, in a mixture of potassium iodide and 
potassium bromide, with an error of less than 1%.*** A ‘light spectrograph with 
curved crystals’ may be used for the measurements.*** The application of X-ray 
spectral analysis to elements from magnesium to uranium has been reviewed.**° 

A hot arc source is described for the spectrographic determination of halo- 
gens giving high levels of ionization and excitation, and working curves are given 
for bromine.**”7. Bromine may be measured in aqueous solution using a copper 
electrode and an a.c. arc with a large capacity shunt in a circuit with low self- 
inductance.*** By using the lines 4704, 4785, 5332, bromine may be detected at 
a concentration of 0°001%2*9 A solution containing Br may be allowed to drip 
into an a.c. arc through an opening in a copper tip used as the lower electrode: 
by using the line 4785-5 it is possible to determine 0-001% Br~ and with the 
lines 4678-7 and 4816-7 to determine 0-01% Br:**° The conditions most favour- 
able for the determination of bromine are described. The most sensitive lines 
for use are 2389-7 and 2926+3,*"* The extinction coefficients of Br” in aqueous 
solution at 2 = 463yu have been measured and the technique is applied to the 
analysis of aqueous solutions of bromides.**? A general review on the photo- 
metric determination of bromides has been published.*** 

The polarographic determination of bromate together with chlorate and iodate 
is described:*** bromide ion may be oxidized to BrOj with hypochlorite prior to 
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its polarographic determination.*** Both IO; and BrO} can be determined in 
admixture because of the considerable difference between their reduction 
potentials, while Cl”, ClO;.and ClO, are not reduced at the cathode even at 
concentrations of 10°: 1 and do not, therefore, interfere with the determination. 

The use of ion exchange materials has been suggested for the separation of 
Br and I. a procedure has been given for the separation of chloride group anions 
by partition chromatography on paper using as solvent butanol saturated with 
1-5N-ammonia.**° Subsequently the paper is sprayed with 0-1N-silver nitrate, 
washed twice with dilute nitric acid to remove excess silver and then held 
over hydrogen sulphide. Chloride produces a brown spot (Af 90-10 — 0-11) and 
bromide a brown spot (Rf 0-15 — 0-18), Rf being the ratio of the distance travel- 
led by the ion to the distance travelled by the liquid front. 

Neutron bombardment may be used for the estimation of small quantities 
of bromide as the induced activity of bromine may be measured after. 4 hours, 
whereas the half-lives of active chlorine and iodine are much shorter, 35 min. 
and 25 min. respectively.*®” 


THE ANALYSIS OF LIQUID BROMINE 


The determination of water in liquid bromine has been carried out by vapor- 
ising the sample and passing the gas through phosphorus pentoxide tubes. ABS 
Bromine saturated’ with water contains 0-05%. JIodine can be determined in 
bromine by dissolving the sample in 25% potassium bromide solution and 
destroying the bromine in an aliquot portion by means of sodium formate: any 
free iodine remaining is titrated with sodium thiosulphate.**® Free chlorine 
may be determined by means of the greatly diminished solubility of bromine in 
concentrated potassium bromide solution in presence of potassium chloride. 
The change is measured volumetrically and good results are obtained over the 
range 0 — 1-2% chlorine.*®° Three methods for determining chlorine in liquid 
bromine have been studied critically.*** The density method of Kubierschky 
was found to be reasonably accurate and rapid. The cryoscopic method was less 
reliable, but the results were within 0-5% of the true value: a study of the 
freezing point of liquid bromine indicates that 0-4% chlorine lowers the freezing 
point by about 1°C.*% Other speedy and accurate methods for the chemical 
determination of chlorine in bromine have been proposed. Bity 

The induction period of the olefine~bromine reaction has been suggested as 
a criterion of purity of bromine.*™ 
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SECTION XXIX 
BIOLOGICAL PROPERTIES OF BROMINE 


It has been suggested that bromine is an essential element in animal life, 
but this is not proved’ although the presence of bromine has been demonstrated 
in the alimentary economy of certain shell-fish (Murex and Purpura sp. contain 
6,6- -dibromoindigo” giving rise, in earlier times, to dyeing processes). Many 
communications have been published on the replacement of chloride ion by 
bromide ion in normal physiological processes, but the subject is outside the 
scope of this volume. In general the effect of bromine on plants has been but 
slightly examined; 30 p.p.m. of bromine exerts a stimulant effect on the 
germination of seeds, but greater quantities lead to some slight loss of 
germinating power; in general bromates depress germination much more than 
bromine or bromides.* Bromine has been shown to be a specific mutafacient 
in Allium cepa.* Dilute aqueous solutions of bromine exert considerable 
germicidal action;* less than 0+25 p.p.m. of free bromine in water kills 
Staphylococcus aureus, S. albus, Escherichia coli, and Eberthella typhosa in 
15-30 sec. at room temperature, whilst yeast is killed by slightly higher 
concentrations. Mould spores require 5~30 p.p.m. and the spores of aérobic 
bacteria 40~220 p.p.m. at pH 35-4 and 100-450 p.p.m. at pH 68 to 7+2, 
Bromine is therefore intermediate between chlorine and iodine in its activity 
on bacterial spores,° and this order of activity also holds for the hypohalous 
acids. A more detailed examination by Wyss and Stockton’ of the time 
required for a 99% kill of B. subtilis and B. metiens showed that the time is 
an exponential function of bromine concentration in buffered solutions and that 
the Br, molecule is the active agent. Gershenfeld and Witlin® showed that 
with certain organisms iodine at 1 in 5000 had a greater activity than either 
bromine or chlorine at that concentration, both at 24° and at 37°. From these 
observations have sprung recommendations that bromine in dilute aqueous 
solution be used for es irrigation”° and for the sterilization of potable 
water supplies.” 

The use of bromine compounds in food preservation has been suggested, 
despite the fact that it would be contrary to English law. The use of bromate 
in canning’? is covered by a British Patent, and several proprietary preserva- 
tives, based on 2-bromoethanol’*** have been described. 

The use of **Br as a radioactive tracer in the solution of various physio- 
logical and biochemical problems has been widely applied and is described 
elsewhere (see page 1052). It has also been used to investigate the fate 
of bromate in baking.***® Many flours supplied for breadmaking contain 
traces of bromates which have a pronounced action in maintaining the size of 
the loaf; this is attributed to its inhibiting action on certain proteolytic 
enzymes. 


TOXICITY 


Although bromine is known to be toxic if breathed as vapour, and to cause 
severe burns, there is little published data on this aspect of its activity. 
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Rumpel’’ ascertained that fatal illness is to be expected after 4-1 hr. ex- 
posure to a bromine concentration of 0-05 mg./l. (= 0+0076 vol.-%); similar 
data have been recorded by Carboneschi.*® 

There is a voluminous literature on the effects of bromide poisoning; 
bromides have long been widely used as sedatives and it is stated that 2-3% 
of patients medicated with bromides show some toxic symptoms. It appears 
that when the concentration of bromide ion in the blood serum rises above 
40-50 mg. per 100 c.c. toxic symptoms arise. These may be psychotic, 
dermal or in the form of a general intoxication. Fréshang*’ records that of 
1582 patients having systematic bromide medication 46 had a blood-bromide 
content of 50 mg.-% and 5 had 246-480 mg.-%. The details of this subject 
are, of course, outside the scope of this treatise, but the methods of assay of 
small quantities of bromide in organic matter devised by Dalsgaard-Nielsen,”*° 
and based on the method of Hauptman™ are of chemical interest. Likewise 
the work of Ishikawa,?? which has demonstrated that bromide intoxication can 
be an allergic response to sensitization, and the observations of Cornbleet”* 
on the acceleration of the elimination of bromide from the animal system by 


the administration of ammonium chloride deserve mention here. 
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CHAP TER IV 
IODINE 


SECTION XXX 
THE OCCURRENCE AND DISTRIBUTION OF IODINE 
By G. J. HILLS 


Iodine in the free state has not been detected in the lithosphere, except as 


small traces in certain mineral springs, but as iodide and iodate it occurs 


widely, although always in low concentration. 


16 The following minerals 


contain iodine as an essential constituent, but with the exception of the last 
two, which form part of the Chilean saltpetre deposits, they are very rare.”° 


Coccinite 
Cuproiodargyrite 
Iodembolite 
Iodobromite 
Iodargyrite 
Marshite 
Miersite 

Salesite 
Schwarzembergite 
Tocornalite 
Dietzeite 
Lautarite 


Hg,I, 

(Ag,Cu)I 
Ag(Br,1,Cl) 
2AgCl,2AgBr,Agl 
Agl 

CuI, 

4A gI,Cul 

CulO ,OH 
Pb(I,Cl),,2P bO 
(Ag,Hg)I 
7Ca(IO,),8CaCrO, 
Ca(IO,), 


The evenness of distribution of iodine has been confirmed by numerous 


geochemical investigations and all igneous rocks and minerals have been found 


to contain it. %?° 


tabulated below:7**-*6 © 


Rock Iodine content 
(mg. per kg.) 
Amphibolite 0-25 — 0-38 
Basalt 0-31 — 0-80 
Diabase 0-49 — 1-04 
Gneiss 0-38 
Granite 0-20 — 1-25 
Limestone 0-44 
Marble 0-07 — 1-98 
Mica schist 0-54 
Porphyry 0°38 — 0-54 
Pumice 0025 
Quartzite 1-10 — 3-70 


815 


Mineral 


Apatite 
Biotite 
Calcite 
Cinnabar 
Cuprite 
Dolomite 
Fluorite 
Gypsum 
Limonice 
Pitchblende 
Pyrite 
Serpentine 
Wulfenite 


The iodine contents of some typical rocks and minerals are 


Iodine content 
(mg. per kg.) 
0-23 — 0-44 

0-50 
0-23 
0-50 
3°8 — 4000 
0:32 
0°55 
0-25 — 0-27 
0-75 
0.94 
0-20 
0-38 
8-56 
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Phosphate rocks are usually rich in iodine, often containing up to 100 mg. per 
kg.; a sample from Limburg, Germany, contained as much as 280 mg. per kg.’ 
Iodine is always present in iron and iron ore, the concentrations found varying 
from 0-10 to 1-10 mg. per kg.;*” and since meteoric iron has also been found 
to contain from 0°14 to 1-50 mg. of iodine per kg., it is probable that iodine is 
present in the iron kernel of the earth.’ 

Many determinations of the iodine content of soils have been made and 
show that the amount present is usually between 0-2 and 12 mg. per kg. of dry 
soil, being greatest in heavy, clay soils and least in light, sandy soils.?***? 
The iodine in soils is believed to be of organic origin and the maximum con- 
centration is found where there is also a high humus content.**"** As might be 
expected, therefore, coal is relatively rich in iodine, containing 0-85 to 11-17 
mg. per kg. *6°3° 

The concentration of iodides in secondary deposits has in general been 
precluded by their high solubility; well leached soils have a low iodine content 
and salt deposits are usually free from iodide.*~*® The sole exception to this 
generalization is the Caliche beds in Chile, which contain from 0-02 to 1-00% 
of iodine mainly as iodate and remain the principal commercial source of 
fodinesten a. 

The todine content of many rivers and lakes has been determined and 
ranges from 0-00001 to 0-004 mg. of combined iodine per litre.*°** Subterranean 
waters are always richer in iodine, artesian well water, for example, containing 
up to 0-12 mg. per litre.5*-** McClendon has tabulated in great detail the 
iodine contents of these and very many other sources of drinking water.’ 
Natural spring waters are richer still in iodine,”°”° those trom Bad-Hall, 
Austria, containing iodides equivalent to 47 mg. of iodine per litre.°*® In 
many of these spring waters some elementary iodine is present. Natural brine 
wells also have a high iodide content and those at Salsomaggiore, Italy, con- 
taining the equivalent of 60-5 mg. of iodine per litre are utilized for the com- 
mercial production of iodine.®® More recently, iodine has also been produced 
from the brine obtained from oil well drillings which may contain up to 144 mg. 
of combined iodine per litre.%%°"""5 Iodine, as iodide, is present in sea water, 
the average concentration being 0-02 mg. per litre, although there is much local 
and some seasonal variation.”’® In general, the concentration of iodine is 
approximately proportional to the salinity; in the Mediterranean Sea it is 
equivalent to 0-006 mg. and in the Baltic Sea to 0-001 mg. of iodide ion per 
litre.’ | 

The existence of free iodine vapour in the atmosphere has not been con- 
firmed but combined iodine in micro-organisms and dust particles is always 
present. The concentration of iodine is usually between 0-0005 and 0-002 mg. 
per cu. m.”’"”? but it varies greatly with locality and is greatest in the neigh- 
bourhood of spas®%** and the sea shore.**** This is probably due to the 
presence of iodine-containing spray and sea winds are certainly much richer 
in iodine than land winds.*® Jt has been calculated that up to 10,000 tons of 
iodine are discharged annually into the atmosphere by the combustion of coal,® 
although some of this iodine may be retained’ in soot which has been found to 
contain 49 mg. iodine per kg.” The iodine-containing particles in the atmos- 
phere are rapidly removed by raindrops and the iodine content of the atmosphere 
is low during and after rainfall.*® 

The iodides and iodates in sea water enter into the metabolic cycle of 
most marine flora and fauna. The iodine content of many varieties of seaweed 
has been determined®”*™ (cf. Mellor II,18) and McClendon has tabulated the 
values obtained for several hundred species.” The variety Laminaria remains 
the most useful for the commercial production of iodine; the variation of its 
iodine content with depth below sea level, with locality and with the season 
has been studied in detail.*°** Keratinous sponges have been shown to contain 
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from 0-12 to 1-21% of iodine and non-keratinous sponges 0-05 to 0-6%.1°® 
Although the protein constituent forms only a small part of the coral plant, it 
is rich in iodine, containing up to 9%.*°""* The iodine contents of some marine 


molluscs, crustacea and fish are given below: %'°**4 

Animal Iodine content Animal Iodine content 
(mg. per kg.) (mg. per kg.) 

Clam 2-6 Herring 0-9 — 1-0 

Mussel 4—7 Mackerel 0-06 — 1-7 

Oyster 0.8 —6 Pilchard 0.3 

Crab 0-8 —6 Salmon 0-6 — 1-6 

Lobster 0-6 — 11 Sardine 0-16 — 1-5 

Cod 0-5 —5 ‘Sole 1-0 

Haddock 1-24 | 


Fresh water fish have a much lower iodine content normally not exceeding 
0-1 mg. per kg.’ 

The iodine content of meat is relatively small, averaging 0-02 mg. per kg.’ 
Nevertheless, iodine is essential for normal mammalian growth and its concen- 
tration has been determined in most common food stuffs,7*?**** in drinking 
water*°?"*?7 and in wine.*7*?° The iodine contents of some edible land plants 
are given in the following table: 


Material Iodine content Material Iodine content 
(mgspetvkes) ac (mg. per kg.) 
Grass 0-05 — 1-0 Grapes 0-007 — 0-120 
Tea 0-07 — 0-83 Tomatoes 0-008 — 0-38 
Oats 0-04 Beans 0-02 — 1-00 
Wheat 0-03 — 0-06 Cabbage 0-15 — 0-29 
Bread 0.002 — 0-10 Carrots 0:06 —0-51 
Apples 0-006 — 0-09 Lettuce 0-02 — 0-62 
Bananas 0-005 — 0-03 Peas 0-05 — 0-08 
Dates 0-005 Potatoes 0-01 — 0-20 
Oranges 0-002 — 0-015 Spinach 0-10 — 0-70 


The iodine content of any one type of plant, fruit or vegetable varies greatly 
with locality. In the above table, for example, the lower values almost in- 
variably correspond to that species grown in New Zealand or Switzerland and 
the maximum values to products of the United States. Evidence has continued 
to accumulate showing the close relationship between the incidence of goitre 
and cretinism in human beings and a deficiency of iodine in their diet.7*°°?* 
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SECTION XXXI 
THE PREPARATION AND MANUFACTURE OF IODINE 
By G. J. HILLS 


The fractional crystallization of Chile saltpetre and the subsequent ex- 
traction of iodine from the mother liquors is still the principal industrial method 
of producing iodine.” Numerous discussions of this method and its modifi- 
cations and of related investigations have been published.**° It has been 
shown, for example, that sulphur dioxide can be used successfully instead of 
sodium bisulphite** and that magnesium chloride in the liquors, by hydrolyzing 
to give hydrochlori¢ acid, is responsible for the significant loss of iodine that 
sometimes occurs when the liquor is concentrated.** Most of the iodate, 
however, is still reduced by the addition of sodium bisulphite, and up to 1000 
tons of iodine so obtained is exported annually from Chile.” Iodine may be 
obtained directly from crude saltpetre by heating it to 200 —250°C. in a current 
of air, water vapour or sulphur dioxide.** The purified saltpetre still contains 
appreciable quantities of iodine and up to 0-024% has been detected; this is 
a valuable addition to its properties as a fertilizer.** 

In spite of the economic advantages of the caliche process, the extraction 
of iodine from seaweed has continued in France, Japan and Russia, although 
only relatively small quantities are produced in this way.*©*® The Laminaria 
rather than the Fucus variety of seaweed is usually collected because of its 
high iodine content,**** (cf. Mellor, II,18) although in Russia Phyllophora 
rubens is sometimes preferred,”*”* as the ash is claimed to contain up to 1% 
of iodine.**?* Although it las been shown that low-temperature ashing of 
seaweed retains virtually all the iodine in the ash,?® several attempts have 
been made to dispense with this costly stage of the process.?”*° Most of the 
iodine in seaweed appears to be present as soluble inorganic salts.and is 
easily washed out with water or dilute acid, leaving a residue valuable as a 
source of agar-agar and alginates.?**° The extraction of iodides from the 
raw weed is facilitated by continuous treatment with hot water** or by auto- 
claving.*?, The iodine may be recovered from the aqueous extract in various 
ways. | | 

Treatment witn chlorine,** nitric acid,**** nitrous acid*®*” or other oxidizing 
agents,** followed by distillation, filtration or solvent extraction of the iodine*”*? 
is effective for concentrated liquors, but not for the aqueous seaweed extract 
which usually contains only 0-1% of iodine. The iodide may be concentrated 
by adding asoluble copper salt, sometimes with a reducing agent, when cuprous 
iodide is precipitated, filtered off and washed, the liquors being returned for 
further extraction. The cuprous iodide is then heated with sodium hydroxide 
at 350 —375°C. to give sodium iodide from which iodine may be obtained.*%** 

Attempts have been made to concentrate the iodine in dilute extracts by 
electrolysis and this method has also been applied directly to suspensions of 
seaweed, **#5 Direct treatment of seaweed with sodium hypochlorite*® or 
sodium bisulphite*’ has also been shown to liberate free iodine. Dry distil- 
lation of seaweed yields a tarry distillate containing most of the iodine,***° 
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It has already been observed that many naturally occurring brines have a 
significant iodide content. Large quantities of brine become increasingly 
available as a by-product of the petroleum industry and the extraction of iodine 
from such brines has become an important source of this element and its salts, 
several hundred tons being produced annually.* Various extraction processes 
are used, all requiring a preliminary purification of the brine.7/°°? Sedimenta- 
tion and filtration through sand remove oil and mud and the clear brine, which 
contains appreciable quantities of calcium and magnesium chlorides and 
bicarbonates, may be further purified from these salts by aeration,® by adding 
lime ,°*** or by treatment with aluminium sulphate.*® 

In Java, the purified brine is allowed to percolate down a tower where it 
meets an upward stream of sulphur dioxide which liberates the iodine. The 
iodine suspension thus produced is then passed through reaction troughs 
containing bundles of copper wire in continuous agitation, whereby cuprous 
iodide is precipitated, and is then separated, washed and dried. This crude 
cuprous iodide, containing approximately 55% of iodine, is not further purified 
but is exported as such for use in the manufacture of iodides, iodine etc.%°” 

In California, three methods of extracting iodine from brine are employed,”**® 
In the first, the purified liquors are acidified with sulphuric acid and sodium 
nitrite is added.to liberate iodine. The yellow solution is then agitated with 
activated charcoal on which the iodine is adsorbed. The charcoal is used 
repeatedly with fresh iodine-containing solutions until it is nearly saturated and 
is then separated and leached out with a solution of caustic soda or sodium 
carbonate which finally contains approximately 3% of sodium iodide. This 
solution is treated with sodium dichromate in acid solution to give solid iodine 
which is filtered off.*5°°° Other oxidizing agents may be used to liberate the 
iodine, e.8- bleaching powder,°°®’ which has been shown to be the most 
effective,®” chlorine, °** ozone,’ or oxides of nitrogen;7”"”> other adsorbing 
materials have also been investigated. 76°83 The adsorbed iodine may also be 
removed from the charcoal by treatment with steam, when the iodine distils 
off,** by treatment with ammonia to give ammonium iodide,** by treatment with 
sodium bisulphite to give a solution of hydriodic acid® or by electrolysis using 
the charcoal as a carbon cathode in an electrolysis cell.*’ 

In the second Californian process, the purified brine is treated with chlorine 
gas and stripped of iodine by a countercurrent of air, The iodine is then 
absorbed in an aqueous solution of hydriodic and sulphuric acids into which 
sulphur dioxide is passed continuously. This solution, when sufficiently 
concentrated, is again chlorinated whereby the iodine is precipitated and then 
filtered off,**°? 

The third method involves the addition to the filtered brine of an approxi- 
mately 2% solution of silver nitrate in sufficient quantity to precipitate only 
the iodide ions. Efficient stirring ensures complete precipitation of the silver 
iodide almost free from contamination with silver chloride. A small quantity 
of ferric chloride is added to coagulate the precipitate which is filtered off, 
washed with concentrated hydrochloric acid to dissolve any ferric hydroxide 
and mixed with clean steel scrap. Metallic silver is rapidly formed together 
with ferrous iodide which passes into solution. The silver is filtered off for 
re-use and the filtrate treated with chlorine or other oxidizing agent to precipi- 
tate the iodine.***°* Alternatively the iodine may be recovered from the silver 
iodide by heating it with sulphuric acid tC 270s by directly chlorinating it 
in suspension in carbon tetrachloride®® or by treating it with aqua regia.”® 

In Russia also oil-well brine is used for the manufacture of iodine. The 
methods employed are similar to those used in California,°”*®° although the 
presence of naphthenic acids has sometimes necessitated special purification 
procedures.'°"" °° Todine, liberated by oxidation of the original filtered brine, 
is sometimes extracted with petroleum, carbon tetrachloride or other organic 
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solvent? °° 


using silver or copper anodes which precipitate the insoluble metal iodides, 
or carbon anodes which adsorb the liberated iodine.*?%*! 

The Salsomaggiore mineral waters are treated with a mixture of sulphuric 
acid and sodium nitrite and the liberated iodine is extracted with petroleum 
and converted into sodium iodide by treating the hydrocarbon extract with 
sodium sulphite. Elementary iodine is then obtained by the usual oxidation 
of this concentrate with sulphuric acid and sodium dichromate.'***** 

The crude iodine produced by any of these processes may be purified by 
melting it under concentrated sulphuric acid: practically all the impurities 
pass into the immiscible sulphuric acid layer which is run off after the system 
is cooled. The solid iodine is then broken up, washed free from acid and 
dried, and is then approximately 998% pure.*#***® Alternatively, the iodine 
may be distilled with or without steam, condensed in‘udells’ and dried. After 
either procedure, the iodine still contains small traces of impurities, the nature 
of which depends on the original extraction process. The main impurity in 
Chilean iodine is sulphur.’ The iodine in waste iodide solutions may be 
recovered by chlorinating the solution and filtering off the liberated iodine 
which is then purified by steam distillation.*® Several reviews of the iodine 
industry have been published*?#!%*”? and, until recently, world production 
statistics were published annually.” 

Colloidal iodine may be prepared by grinding ordinary crystalline iodine in 
a colloid-mill,*** but a much more convenient method is to precipitate iodine 
chemically or electrolytically in the presence of a protective colloid such as 
gelatin,’?°"7° = The brick-red suspension is stable for several weeks and if 
sufficient dextrose or gum arabic is added, the solution may be evaporated to 
dryness, affording a solid which is redispersible in the colloidal state.**° 
More recently, stable colloidal dispersions of iodine have been prepared by 
exposing aqueous suspensions of iodine to ultrasonic vibrations.*°° When 
solutions of the alkali iodides are subjected to these vibrations free iodine is 
liberated forming the tri-iodide ion.***"*** 


it may also be recovered directly from the brine by electrolysis 
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SECTION XXXII 
THE PHYSICAL AND CHEMICAL PROPERTIES OF IODINE 
By G. J. HILLS 


THE PHYSICAL PROPERTIES OF. IODINE 


The absorption of X-radiation by iodine has been studied*** and its crystal 
structure has been determined.*~® Iodine crystallizes in the orthorhombic 
system and has a unit cell of 8 atoms arranged as a symmetrical bipyramid.° 
The cell constants at 18°C. in Angstrom units are a = 4-7761, b = 7-2501 and 
c = 9-7711.° There is no evidence of a monoclinic variety of iodine under 
ordinary conditions, although Bridgman has observed transitions to other modi- 
fications at very high pressures.” Data have been given for the construction 
of a model illustrating the arrangement of the atoms in solid iodine.*” The 
amorphous -structure of thin iodine films has been studied by electron trans- 
mission and reflection.*° From the interatomic distances of a number of 
iodine-containing compounds the effective radius of the covalently bound. 
iodine atom has been calculated,**"** the most recent value being 1-84 A. 

The vapour density of iodine has been redetermined over the temperature 
range 723 —1274°K. and used to calculate the change in heat content and free 
energy for the dissociation of molecular iodine into atoms, I, = 2], i.e., 
NET 96.1°K:, = 36,057 + 50g.<cal,molett; AG, jo.) = 20,882,200 g.cal molestne 
This compares well with the value of AH2o_,,o% = 36,341 + 100 g.-cal.mole™ 
obtained’®*° from spectroscopic measurements. The kinetics of the dissocia- 
tion*4?? and the recombination?*"** have been studied at various temperatures 
and the reactions have been shown to be heterogeneous at low pressures but 
homogeneous at high pressures. From measurements of the effusion of iodine 
vapour, the equilibrium constant of this dissociation at 915°K. was calculated”® 
as log Kp = 3-7. The potential energy of interaction of two iodine atoms as 
a function of the interatomic distance has been investigated and the force 
constants of the I-I bond discussed.?”"*° . 

The density of liquid iodine has been redetermined and is given by the 
expression 3-94916 + 0-003267(120-t). The specific volume at 120°C. is 
0.2532 ml.** Measurements of the density of solid iodine have been extended 
to low temperatures, d,.9 = 5-15 and the atomic volume at 0°K. obtained by 
extrapolation is 24-5 ml.*?_ 

The viscosity of iodine vapour at 60mm. mercury pressure has been re- 
determined over the temperature range 380 to 800°C. :3 


TABLE I.- VISCOSITY OF IODINE VAPOUR AT 60 mm. PRESSURE 


(Pe sma] sons] seza] waa] oo7 | 07 | Ts) 


These experimental results are in reasonable agreement with those calculated 
from the Sutherland equation.**-** The viscosity of liquid iodine at a temp- 
erature just above the melting point is 0:0198 poise compared with 0-0235 
poise calculated by Andrade from Lindemann’s equation.*® 

The coefficient of cubic expansion of solid iodine has been found to be 
2-64 x 10°%c.c.°C2?,* and that for liquid iodine 8:54 x 10-*c,c.°Cs** 
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The critical temperature of iodine has been determined as 553°C.*” The 
most probable value for the melting point of iodine is 113-5°C.,** although it 
has been claimed that prolonged drying of the iodine may raise the melting 
point to 115-5°C.°%*° The effect of capillarity on the melting point has also 
been studied.** The change in volume on fusion is 2:04%.** The vapour 
pressure of solid iodine has been redetermined using the gas current method:** 


TABLE II.- VAPOUR PRESSURE OF SOLID IODINE 
DETERMINED BY THE GAS CURRENT METHOD 


0 10 20 30 40 50 
0-02981 0-0798 | 0.1988 0.4643 1-0235 
60 70 80 90 100 
8-179 15-047 Rte 


and also by a static method using a flexible metallic diaphragm:** 


Temperature °C, 
Vapour pressure 
mm. Hg. 
Temperature °C, 
Vapour pressure 
mm. Hg. 


TABLE III.- VAPOUR PRESSURE OF SOLID IODINE 
DETERMINED BY A STATIC METHOD 


Temperature °C. | 29.967 | 40-017 50-154 60-119 


Vapour pressure 


0.46709 | 1.02614] 221318 | 4.30723 
mm. Hg 


These data are well represented by the equation:*" 


log pane. = — EE = 7-013ossh #43-3740: 

The rate of evaporation of iodine into a vacuum has been measured.*5*% 
It is close to the calculated rate of bombardment of a surface in contact with 
iodine vapour at the corresponding saturated vapour pressure and it is con- 
cluded that all iodine molecules striking a solid iodine surface condense and 
that none are reflected.*** If a single crystal of iodine is suspended in a 
centrifuge, the rate of evaporation increases with centrifugal force, being 
directly proportional to the speed of the centrifuge.*®° The diffusion coef- 
ficient of iodine vapour has also been determined; between 14° and 30°C. it 
varies between 0-0767 and 0-0851 and gives a value for the radius of the iodine 
molecule of 2923 A., which is lower than that computed from the viscosity 
measurements.*” The rate and manner of condensation of iodine vapour on 
various surfaces has been shown to depend on the shape and nature of the 
condenser surface.**"*? 

The latent heat of fusion of iodine has been found to be 3740 + 20 g.-cal. 
mole™,*®* and the latent heat of vaporization, calculated from vapour pressure 
data, to be 14880+7 g.-cal.mole™*.* 

The heat capacity of iodine at constant pressure has been redetermined 
for the temperature ranges 10—50°K~5* and 202 — 433°K.**** For solid iodine, 
it can be expressed by the equation: 


Cp = 13-07 + 3-21 x 10°*(t - 25)? (+ 0°5%) g.-cal.mole™ 


where t¢ is the temperature in °C.55 Above the melting point, the heat capacity 
has the values given in Table IV. 


TABLE IV.- HEAT CAPACITY OF IODINE ABOVE THE MELTING POINT 
389.4 398.8 413.2 431.9 432.7 
20 .00 19.72 19.00 18.70 18.02 


The thermal conductivity of solid iodine has been found to remain practically 
constant at 0-001065 g.-cal.cm??sec:* between 24-4° and 42-86°C.*° Using the 


Temperature °C. 
C, g.-cal.mole”* 
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heat capacity data, the standard {cntropy of solid iodine at 298-16°K. has been 
evaluated as 27-9 g.-cal. deg. *mole™, 575° and that of gaseous iodine at 
298-16°K. as 62-28 g.-cal.deg.’mole”’,*”"** which compares favourably with the 
value of 61°81 Pa pli by statistical mechanics. The chemical constant 
of molecular iodine has been evaluated on several occasions, °”** the most 
recent value being 3-91. The standard entropy of gaseous, monatomic iodine 
is 43°18 g.-cal.deg>*mole™*,°%°* and its chemical constant 2:00.% The thermo- 
dynamic data for iodine from 0—1700°K. have been recently reviewed.” 

The molecular refractivity, R, of iodine vapour for a wave-length, A, of 
656-3 mp. jhas been determined from 150—1030°C. for concentrations of 
1—4 x 10 9.c.cv!, the average value being approximately 3lc.c. Between 
400° and 600°C., R begins to fall with rising temperature owing to the dis- 
sociation of iodine into atoms, and from this variation the atomic refractivity 
was calculated to be 13-4 + 0: 2c.c. The atomic refractivity for A equal to 
infinity is 12-5 + 0°3c.c.°* The atomic refractivity of iodine has also been 
deduced from the refractive indices of many iodine-containing compounds®”’° 
and for the C, D, F and G‘ lines is 13-825, 13-954, 14-310 and 14-620c.c..re- 
spectively.” 

Other forms of atomic volume, for example the atomic volume at zero 
fluidity”"”* and the parachor,’*-”” have also been shown to be additive. The 
most recent value for the parachor of monovalent iodine in its compounds and 
in molecular iodine is 90-1 + 0+2c.c.,7@and that for tervalent iodine is 73.7° 
A quantity b defined by the empirical equation 


0 
b=M log,, Ff + a 


where M is the molecular weight and 7 the boiling point of a substance in 
degrees absolute, has been shown to be additive. The contribution of iodine 
to b is constant and equal cole Srey 

The thermionic emission from various metals in iodine vapour has been 
studied,**** together with the effect thereon of temperature es and irradia- 
tion 88 The relative abundance of the positive ions I+, I} and If, 
formed by electron bombardment of iodine vapour, has been haetiad using a 
mass spectrograph.*® Three negative ions, I”, Ij and Ij, formed by the capture 
of slow electrons,°°"*? were also found in quantities comparable with those of 
the corresponding positive ions.®”°* The commonest ionic species were I} 
and I}, by reason of the greater cross-section of the molecule for electron 
capture and also its greater concentration, as compared with the iodine atom.”* 

The critical potentials of iodine have been redetermined several times. 
The average value of the ionization potential of the iodine molecule is 9°8 + 
0-3 volts,°*°? and that of the atom 8.0 volts.°*°° Resonance potentials of the 
molecule are reported at 2-4 and 3.8 volts,°**° and of the atom at 1-0 and 6:5 
volts°®*°° and, possibly, at 5+1 and 7-5 volts.*°* The ionization of iodine 
vapour by X-radiation,**? by ultra-violet radiation*®* and by the addition of 
active nitrogen'™° has also been studied. 

The electron affinity of an iodine atom is not so easily determined and is 
normally calculated, using the Born cycle, from the lattice and hydration 
energies of the alkali iodides.*° Values of 69°9,'°7 72-4, 73-61 and 
76+3*°? kg,-cal.g.atom™ have been recorded. Several calcnlations of the hydra- 
tion energy of the iodide ion have been made****** and, on the assumption of 
equal effective ionic radii of the potassium and Fijoride ions, the hydration 
energy of the iodide ion has been evaluated as AG9,, , = 70-0 kg.-cal.mole™*.*** 

The ohmic resistivity of solid iodine has been measured using a tube of 
compressed crystals between graphite electrodes. The specific resistance, 
p, in ohms cm:* at various temperatures® * is shown in Table V. The specific 
resistance of liquid iodine at 121°C. is 19,900 ohms, the ratio of the resis- 
tivities of liquid and solid iodine at the melting point being 0°0237.*** The 
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TABLE V.- SPECIFIC RESISTANCE OF SOLID IODINE 


Temperature i Ga Temperature a ep 


residual conductivity of liquid iodine is probably partly metallic or electronic 
and partly electrolytic, the current-carrying ions being I* and I" orIj, arising**® 
from the self-dissociation 
ly tel I 
toy aclnlierey tad 


The conductivity of iodine dissolved in liquid hydrogen sulphide,**® in glacial 
acetic acid,**’in benzene***and in nitrobenzene'” is due to the same dissocia- 
tion. The tri-iodide ion is an established species and its conductance, 
particularly in aqueous solution, has been carefully studied.*4°"*?* The exis- 
tence of the It ion has been proved in solutions of iodine monochloride, iodine 
trichloride’** and iodine nitrate,‘** electrolysis of which gives iodine at the 
cathode. Liquid iodine dissolves many inorganic salts, particularly metal 
iodides, to give strongly conducting solutions.*?5"*** The variation of equi- 
valent conductance with concentration is quite abnormal, potassium iodide 
exhibiting a maximum value of 180 ohms * cm? at a molarity of 0-002 and sodium 
iodide. a value of 26 ohms * cm? at a molarity of 0-0003, the value decreasing 
with increasing concentration.*”® 

The dielectric constant of liquid iodine, determined by the resonance 
method, is 11-08 at 118-1°C, and 12-98 at 168°C.**9 Thus liquid iodine is 
one of the few liquids having a positive temperature coefficient of dielectric 
constant and does not obey the laws of Clausius=Mossotti and of ‘Debye.*#9!%° 
The dielectric constant of iodine vapour is stated to be always less than 
unity.***°? The dielectric constant of solutions of iodine in organic solvents 
has also been determined and usec to calculate the dipole moment***"** of 
iodine. The average value for the polarization of iodine inc.c. in various 
non-polar solvents was found to be : cyclohexane 31, benzene 38:5, p-xylene 
47, cyclohexene 56, 1,4-dioxan 66°5 and di-isobutylene 75, whereas that of 
iodine vapour is 32*2; the apparent dipole moments of iodine in these solvents 
were evaluated as 0-0, 0.6, 0.9, 1-1, 1-3 and 1-5 debyes respectively.*** 
Since iodine has a symmetrical molecule, no permanent dipole would be ex- 
pected, but some solvent molecules, themselves symmetrical and non-polar, 
can interact with iodine to give a polar complex. The bonding power of the 
solvents listed above is attributed to their 7 electrons and it is noteworthy 
that solutions of iodine in these solvents have a red or brown colour instead 
of the purple colour usually associated with solutions of iodine in indifferent 
solvents such as the aliphatic hydrocarbons and carbon tetrachloride.*** 
The dielectric polarization of iodine in several solvents has been studied 
over the temperature range 15— 60°C.**”? From the dielectric constants of 
solutions of numerous iodine-containing organic compounds, the contribution 
of a covalently bound iodine atom to the distortion polarization of a molecule 
was calculated as 13*2 c.c.** 

Molecular iodine is diamagnetic, the specific susceptibility, x, measured 
for a cyclohexane solution being ~0°35 x 107° c.g.s. units.**° Using other 
solvents, somewhat higher values are obtained***(see Table VI).. This increase 
in apparent susceptibility is matched by a change in the colour of the solu- 
tions, the first three being violet, the last three being red or reddish-brown. 
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TABLE VI.- DIAMAGNETIC SUSCEPTIBILITY OF IODINE SOLUTIONS 


ee er Ae ieee ISS 
x x 10 


Carbon tetrachloride 
Chloroform 

Carbon disulphide 
Benzene 

Toluene 

Diethyl ether 


It corroborates the suggestion, made in the paragraph dealing with dipole 
moments,*** that in certain solvents iodine is not wholly non-polar and it is 
likely that interaction with the solvent is responsible for the discrepancy 
between the results tabulated above and the minimum value obtained in cyclo- 
hexane solution.**#**? These values have been compared with the diamagnetic 
susceptibility calculated from Van Vleck’s theory.*** Using single crystals, 
solid iodine has been shown to be magnetically anisotropic, the specific 
susceptibility, y, varying between ~0-331 x 10°® and -0-389x 10°° with varying 
orientation of the crystal.*** The susceptibility of molecular iodine has 
also been measured at very low temperatures, 14-2° to 20-4°K., and has been 
shown to increase with falling temperature.**© Atomic iodine is paramagnetic 
and on spectroscopic grounds a moment of 2 Bohremagnetons has been sug- 
gested.**7 In order to measure the paramagnetic susceptibility of atomic 
iodine, a reasonable concentration of atoms is essential and temperatures 
higher than 1000°C. are normally required. The values of \y obtained at 
1030 and 1127°C. were 8-7 x 10% and 11-2 x 10°* c.g.s. units per mole re- 
spectively. **® 

The susceptibility of atomic iodine may also be calculated on the as- 
sumption that the contributions of the constituent atoms to the susceptibility 
of a molecule are strictly additive. On this basis, several calculations of 
the contribution of atomic iodine have been made,**® the latest*®® value for 
Ya being -0-512 x 10°. The most probable value for the diamagnetic sus- 
ceptibility of the iodide ion is ~57 x 107° c.g.s. units per g. ion in the vapour 
state and in the aqueous solution.**"*** The magnetic rotatory power of 
atomic iodine is given as 143 x 10°? and of the iodide ion as 450 x 10°? min- 
utes per unit field strength per g. atom.’** | 

The standard oxidation-reduction potential of iodine in aqueous solution 
has been determined by measuring the potential of a platinum electrode with 
respect to a solution containing iodine, iodide and trisiodide ions at known 
concentrations.*55"1©° On the hydrogen scale, E? (Jr, was found to be + 0.5362 
international volt at 25°C, and + 05340 at 0°C.%8%6° The theory and use of 
the iodine-iodide electrode system in potentiometric titrations has been 
discussed,/*"4% The electromotive force of two iodine=iodide electrodes in 
the same alkali iodide solution is zero but if a centrifugal force is applied 
along the axis of the cell, a small electromotive force is generated from 
which the transport number of each ion may be calculated. The results 
agree to within 0-5 per cent. with those obtained by established methods. '*% 
The standard potential of the iodine~iodide electrode in methyl alcohol is 
reported as + 0-357 volt and in ethyl alcohol as + 0-305 volt, the standard of 
reference in each case being the hydrogen electrode, 1©"*® 


The cell, 
Pb PbI, |Pb(C1O,), |Pb(C1O,),| PbI, |1,(Pt) 
(5% amalgam) | (solid) (aq.) (aq.) |(solid) 


has been proposed as a voltaic cell. It has a steady, reproducible electro- 
motive force of 0°89360 international volt which remains constant for several 
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months.*®* Storage batteries utilizing iodine have also been designed; they 


normally have a‘carbon anode, a zinc cathode and zinc iodide as electro- 
lyte.*70871 

The standard potential of the iodine=iodate electrode, i.e., the electro- 
motive force of the cell 


H, 
(1 atm.) 


has been shown to be 1-195 international volts at 25°C. From this, the 
standard free energy of formation, AG°o.,,°x , of the iodate ion was evaluated 
as =32,251 g.-cal.g.ion™, and the standard heat of formation, AH%o.,,°% , as 
54,996 g.-cal. g. ion™.*”” ; 

Measurements have been made of iodine overpotential on smooth and 
platinized platinum and also on graphite. No systematic relation between 
current density and overvoltage was observed.’”* The contact potential dif- 
ference at room temperature between a clean tungsten surface and an iodine- 
coated tungsten surface was found to be -0-91 volt.*” 


EO. (ad jaattel 


(unit activity) 
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SOLUTIONS OF IODINE IN NON-AQUEOUS SOLVENTS.” 


Most of the solubility measurements previously recorded (Mellor, II, 85-88) 
have been repeated.or extended and the more recent data are tabulated below: 


TABLE VII.- SOLUBILITY OF IODINE IN NON-AQUEOUS SOLVENTS 


Benzene 
Toluene 
p>Xylene 
cycloHexane 
Pentane 
Heptane 
2:2-Dimethyl butane 
isoOctane 
Mesitylene 
Ethyl alcohol 
Propyl alcohol 
Butyl alcohol 
Diethyl ether 
Dipropyl ether 
Dibutyl ether 
Ethyl acetate 
Propyl acetate 
Butyl acetate 
Propyl chloride 
Butyl chloride 
Propyl bromide 
Butyl bromide 
Methylene chloride 
Chloroform 
Carbon tetrachloride 
Trichloroethylene 
| Tetrachloroethylene 
cis Dichloroethylene 
trans Dichloroethylene 
Ethylidene chloride 
Monochloroethylene 
Pentachloroethane 
Acetylene tetrachloride 
Ethylene dibromide 
Perfluoroheptane 
Carbon disulphide 
Titanium tetrachloride 
Silicon tetrachloride 
Carbon dioxide 
(under pressure) 
Sulphur dioxide 
(under pressure) 


25, 35, 50 


0, 25, 35 
24°92 

0, 25 

0, 25, 35 
18 

18 

0, 25, 35, 
18 

18 

30 


15, 25 

~60, 15, 25 
-24,0, 25, 50 
15, 25 

15, 25 

25 

25 

25 

15, 25 

15, 25 

15, 25 

10, 25, 70 

0, 25 

0, 25, 35 
0-10, 25, 49-90 
0-01, 25, 40 


25 


50 


2272, 3090% W/W 


14-09, 17-90, 25-51% W/W 
3°56% W/V 
16-56, 20-13% W/W 


0-017% W/V 

0-618, 1-702, 4.196% W/W 
0-48, 1637, 16-99% W/W 
1-303% W/W 

13051, 20-24% W/W 

16-71, 21-43, 24-70% W/W 
698% W/V 

5° 7% W/V 

19.34, 25-18, 18-50% W/W 
12% W/V 

T0T% W/V 

16-15% W/W 

87% W/V 

6-33% W/V 

6+35% W/V 

74% W/V 

17-5% W/V 

10-5% W/V 

4022, 586% W/V 

0-089, 3-26, 452% W/V 
0.257, 0-73, 291, 46351% W/W 
2080, 3°96% W/V 

2010, 306% W/V 

369% W/V 

363% W/V 

36-82% W/V 

4.15, 5°47% W/V 

2-31, 309% W/V 

3-01, 4-10% W/V 

6°85, 10632, 33-20% W/W 
0-00.25, 00012% W/W 

7°70, 16648, 21-62% W/W 
1-153, 26855, 6¢50% W/W 

0+ 256, 0-7433, 16309% W/W 


0-208% W/W 
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In several cases, the solubility has also been measured at temperatures 
between those quoted above but such figures have been omitted for brevity. 
There is unfortunately a general lack of agreement between the results of 


different workers. 


Hildebrand has determined the mutual solubility of liquid 


iodine and carbon tetrachloride and shown that two liquid phases are formed 
with a critical solution temperature of 160°C.”* 
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The solubility of iodine in various mixtures of acetic acid and benzene 
has also been determined.” It dissolves readily in alcoholic solutions of 
potassium iodide to form potassium tri-iodide?*™* (cf. page 837) and the den- 
sities, viscosities and surface tensions of these solutiotts have been record- 
ed.** The concentration of iodine vapour, i.e., its partial vapour pressure, 
in saturated mixtures with nitrogen, oxygen, methane, carbon dioxide and the 
vapours of some common solvents has been measured” and its marked increase 
with applied pressure has been studied.”° 

Molecular weight determinations show that iodine is present in the diatomic © 
state in all solvents. Nevertheless the anomalous dipole moment measure- 
ments (cf. page 829) and other physicoschemical studies indicate that in some 
solvents iodine is chemically bound to the solvent molecules and in equili- 
librium with atomic iodine. In all such solvents iodine forms brown solutions, 
quite unlike the normal violet solutions in which there is no evidence of 
interaction.*” The approximate rate of exchange between iodine atoms and 
molecules in solution has been measured; the energy of activation for the 
exchange is probably between 2 and 3 kg.ecal.mole™.*® Hildebrand has shown 
that iodine solutions in carbon disulphide, carbon tetrachloride, silicon tetra- 
chloride and titanium tetrachloride are ‘regular’ solutions and his calculated 
values for the solubility of iodine in these solvents are very close to the 
observed values.”® The equilibrium between dilute solutions of iodine and 
iodine vapour has been studied and the rates of evaporation and condensation 
measured. The condensation coefficient, a, was found to be between 107° 
and 10° at room temperature.*® The rate of diffusion of iodine in organic 
solvents and solvent mixtures was measured to ascertain the degree of solva- 
tion of iodine but no conclusion could be drawn from the measurements except 
that the Stokes-Einstein equation was not applicable.** The densities of 
solutions of iodine in acetone, benzene, toluene, carbon disulphide and carbon 
tetrachloride are an approximately linear function of iodine content.** The 
variation of surface tension of several iodine solutions with iodine concen- 
tration and with temperature has been investigated*****:and a 0*5 M-solution 
in benzene shows distinct inflexions at 46 and 38°C., the latter probably 
corresponding to a previously undetected polymorphous transition point of 
iodine.*® 


SGLUTIONS OF IODINE IN WATER 


Measurements of the solubility of iodine in water have been extended to 
200°C, Above 112+3°C,, in the presence of excess of iodine, two liquid 
layers are formed, the mutual solubility increasing with temperature:*” 


TABLE VUI.- MUTUAL SOLUBILITY OF IODINE AND WATER 


Temperature °C, 187-4 
Solubility of iodine in 
aqueous layer, % W/W 
Solubility of water in 
iodine layer, % W/W 


Iodine hydrolyses in water to give hypoiodous acid;** 
i, +/H.O = ‘AIO + Ht wel. 
From the pE of the solution, the hydrolysis constant, 


eA ts [HIO] a8 x [17] 
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has been computed as 4-6 x 10°** at 25°C.*® This value is obtained after 
allowing for the formation of the trieiodide ion, I, + [ = Ij, and is in reason- 
able agreement with the earlier conductometric value (Mellor, II, 78). Similar 
results have been obtained using the iodine electrode*® and also by determin- 
ing the error this hydrolysis introduces into the titration of aqueous iodine 
solutions with sodium thiosulphate.** 

Iodine dissolves very readily in solutions of halogen acids to form complex 
polyhalide ions.*7*? The solubility of iodine in hydriodic acid solution 
depends on the concentration of this acid and at 25°C, is given as follows:** 


TABLE IX.- SOLUBILITY OF IODINE IN HYDRIODIC ACID SOLUTIONS 
% Hydriodic acid 


Solubility of iodine,kg. per litre | 5-22 | 4.72 | 3.47 | 2-84 | 2-28 


Conductance measurements show that the hydrogen triciodide formed is a 
typical, completely dissociated, strong electrolyte.*® The equilibrium con- 


Stant ° 
: pepe Ri | x [1,] 
[Is 
determined in acid or neutral solution is 1-35 x 107° mole litre™*.*® 
Iodine also dissolves in hydrobromic acid solutions forming HBrl,. The 


solubility is proportional to the hydrobromic acid concentration and has been 
investigated over the temperature range 15 — 45°C.*” 


TABLE X.- SOLUBILITY OF IODINE IN HYDROBROMIC ACID SOLUTIONS 


Molality HBr | 1.8507 | 1.2090 
Molality I, 


at 25°C. 0-05192 |0-03284 | 0-02109 | 0.01048 | 0.00319 


The equilibrium constant, 
[Br°] x [1] 
K = Oy er cairn eae ae a 
[Br] 


is 0-073 mole litre™*.** Similarly, iodine dissolves in hydrochloric acid solu- 
tion, the solubility again increasing with acid concentration.** The equili- 


b 2 we 
rium constant, K « (Gla octL.| 


NUlChe Tene 


is 0-28 mole litre?,*® 


Analogously, iodine is readily soluble in solutions of alkali halides, 
particularly iodides, to form polyhalides giving the ions (XI,)", where X is 
chlorine, bromine or iodine.*”** The solubility of iodine in aqueous solutions 
of sodium, potassium, magnesium, strontium, cadmium and barium chlorides and 
bromides has been recorded.5***5 In solutions of salts other than halides, 
however, iodine is less soluble that it is in water. This salting-out of iodine 
has been studied for solutions containing sulphate and nitrate,°°** and at low 
ionic strengths is less than that predicted by the Debye-McAulay formula.” 
It is suggested that salting-out of iodine also occurs in solutions containing 
halide and that the observed solubility is the net result of the combination of 
this effect with polyhalide formation.*® | 

Various other physical properties of polyhalide solutions have been studied. 
The specific gravities of solutions of varying concentrations of iodine in 50% 
potassium iodide and of iodine solutions containing large excesses of potas- 
sium iodide and thallous iodide have been investigated.*%°° Using the cell 
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Ag|Ag!|0- ‘O1N-KI,] Pt, the equilibrium constant for the iodide-tri-iodide equili- 
brium was found to be 1°40 x 10-* mole limest 4° Meaeurementeuor the 
evaporation of iodine from potassium tri-iodide solutions have shown that the 
loss of iodine is very small for low todine concentrations, being proportional 
directly to iodine concentration and inversely to iodide concentration.®= 

Complete isothermal and polythermal analyses have been recorded for the 
ternary systems H,O-I,-MI, where M is sodium,°®® potassium, °*® rubidium, %7° 
caesium, 7*1”? barium@*" and ammonism: ie) amerots hydrated polyhalides of the 
type MI,,~xH,O, MI,,xH,O and MI,,xH,O were isolated as solid phases, but 
anhydrous solid tri-iodides were found only in the cases of rubidium, caesium 
and ammonium. Attempts to prepare anhydrous potassium polyiodides from 
benzene solution resulted in the formation of the solvates KI,,C,H, and 
KI,,2C,H,.”° Polyiodides are not formed when the iodides of lithium, potas- 
sium, rubidium and thallium are fused with iodine, and this observation 
demonstrates the important role of the solvent in polyiodide formation.’%”® 
Instead of a tri-iodide, a solid solution of iodine in the metal iodide is ob- 
tained, the crystals of which show a high degree of electronic conductance.’”*° 
Iodised sodium chloride is used to supplement the normal iodine content of 
animal and human foodstuffs and the factors affecting the rate of loss of iodine 
by evaporation from this material in preparation and in storage. have been 
investigated.**"8° 


BINARY SYSTEMS INVOLVING IODINE 


The solubility of iodine in cuprous iodide has been investigated and shown 
to decrease in the presence of other iodides.** Thermal analysis of the 
system AlI,-I, shows a eutectic at 94°C. corresponding to a composition of 
67 mole% of iodine.*° | Both the systems AsI,-I, and SbI,-I, show simple 
eutectics, and no sign of pentaiodide formation was observed in either case,*® 
For SnI,~I, mixtures, a simple eutectic was also observed at 77-8°C., its 
molar composition being Snl, + 3+257].°7 The systems PCl,-I,, PBr,-L,, 
P,I,-I,, PCi,-I,and PBr,-I, have been studied in detail. Compound formation 
does not take place with phosphorus trichloride, tribromide or tetraiodide, 
although the last named compound does undergo a slow conversion to the 
trieiodide, P,I, + I, = 2PI,. The electrical conductivity of these systems in 
the molten state is in each case less than that of molten iodine. The addition 
of phosphorus pentabromide to iodine lowers the melting point to 13-5°C., 
corresponding to a eutectic of 50 mole% of PBr;. On the addition of further 
pentabromide, the melting point rises to a maximum of 110°C. at 75 mole% of 
PBr, and then falls to the melting point of phosphorus pentabromide, 103-7°C. 
The maximum is attributed to the reaction 3PBr,+ I, = PBr,+2PBr,J. The 
system PCl,-I, is very similar and the maximum melting point is identical 
with that of an equimolecular mixture of phosphorus pentachloride and iodine 
monochloride, where it is also assumed that PCI,I is formed. The specific 
gtavities of these phosphorus halide-iodine systems have also been meas- 
ured§® The binary systems of iodine with sulphur,®*** selenium™ and tel- 
lurium®? afford no evidence of compound formation. The existence of sulphur 
iodide, S,I,, has been reported, but it is likely that only a solid solution of 
tonne ig sulphur was obtained.°*°> With iodoform iodine forms an ideal 
solution,?°° but with naphthalene a eutectic is formed.’ 

The binary systems iodine~iodine monochloride®® and iodinebromine,”° 
and the ternary system iodine-bromine-chlorine’*®™ have been studied. In the 
latter case, the solid phases obtained at 29-8°C. were iodine monobromide, 
iodine trichloride and solid solutions of iodine and iodine monobromide. No 
ternary compound was detected. The lattice spacing in the iodine-bromine 
solid solutions was found to change linearly with composition.” 
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THE ADSORPTION OF IODINE. 


Iodine is reversibly adsorbed on platinum’? and gold* and up to 1000°C. a 
monomolecular layer is formed. Above this temperature there is an increas- 
ing tendency in the case of platinum for chemical reaction to occur* (see 
page 849). The chemisorption of iodine on metals such as copper and silver 
is discussed elsewhere (see page 848). 

J.H.de Boer and his co-workers have made a detailed study of the adsorp- 
tion of iodine vapour on metal halide crystals and on crystalline films, 
particularly those of calcium fluoride*** and barium chloride.** The adsorp- 
tion isotherms of iodine on both these salts are sigmoid, in agreement with 
the Brunauer-Emmett-Teller multilayer adsorption theory,** although surface 
areas calculated from the theory are between one half and one quarter of the 
true surface area as determined by chemisorption of water or reaction with 
alizarin vapour. Hence the layers are considered to be unimolecular.*® As 
might be expected, iodine is adsorbed by metal iodides. With potassium 
iodide, the adsorbed layer is 2 molecules thick but there is no evidence of the 
formation of the tri-iodide.*” It has been reported that thallous iodide adsorbs 
2g.-atoms of iodine per mole Til, but no direct evidence of the formation of 
thallous trisiodide was found.*® From the absorption spectrum of iodine 
adsorbed on thallous iodide, it was concluded that under the influence of light 
photodissociation, but not desorption, of the iodine molecules occurs.**° 
Iodine has been shown to be reversibly adsorbed on cuprous iodide, the con- 
centration of adsorbed iodine varying with the square root of the iodine vapour 
pressure.*"7?_ The electrical conductivity of the cuprous iodide at 132-1°C, 
increased approximately as the 4/3rd power of the concentration of adsorbed 
iodine.” The adsorption of iodine on the oxides of magnesium," alumin- 
ium,** zinc” , and antimony,** on calcium hydroxide,** on strontium and barium 
carbonates”®> and on barium sulphate”® has been determined. The effect of 
pre-treatment of these solids was investigated and it was concluded that 
with the oxides and the carbonates irreversible. chemisorption takes place.™ 

Adsorption isotherms of iodine vapour on porous materials such as activ- 
ated charcoal?®?? and silica gel**”° have been determined. The adsorption 
has been shown to follow the same laws as the adsorption of vapours of liquids 
even at temperatures well below the normal melting point of iodine.*° A 
proposed mathematical formulation of the rate of penetration of iodine vapour 
into a reactive porous medium is based on the assumption of a reaction front 
behind which the concentration of vapour retains its initial value but in front 
of which the concentration is zero. This gives good agreement with observed 
rates.*! The adsorptive capacity of charcoal depends markedly on its mode 
of preparation, bein particularly sensitive to the presence of small amounts 
of inorganic salts.** ** The adsorption of iodine on glass and quartz surfaces 
from 15° to 1000°C. has been determined using an interferometer. Between 
150° and 400°C. and between 850° and 1000°C., the logarithm of the quantity 
of iodine adsorbed is a linear function of the reciprocal of the absolute tem- 
perature, indicating low temperature and high temperature types of adsorption 
with heats of adsorption 1-2 and 15kg.-cal.mole” respectively.*® Atomic 
iodine on coming into contact with quartz glass produces a brown coating 
which has been identified as silicon, * The adsorption of hydrogen and 
nitrogen®’ and various solvent vapours*® on crystalline iodine has been in- 
vestigated. In the latter case, normal adsorption occurs before disruption 
of the solid lattice by the solvent. 

~ Todine in solution is strongly adsorbed by charcoal and other porous 
materials: 100g. of activated charcoal can adsorb up to 60g. of iodine. Much 
wotk has been done on the relative adsorptive capacity of different types of 
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charcoal for iodine dissolved in many solvents, particularly in benzene, 
chloroform and carbon tetrachloride.**°** It has been shown®® that the 
adsorption is in accord with the Freundlich adsorption isotherm, even in 
mixed solvents™ and in viscous media.®* On the assumption that a monolayer 
is formed, the adsorption of iodine from solution affords a convenient method 
for determining the effective surface areas of solids.°® The quantity of iodine 
adsorbed per unit weight of charcoal depends on the solvent in which the 
iodine is dissolved, being progressively greater in the order: water < polar 
organic solvents < non-polar organic solvents.°’ The extent of adsorption 
has been semi-quantitatively correlated’ with the dielectric constant® and 
other properties of the solvent®’? and solution.”° Any variety of charcoal can 
be rendered more adsorptive, i.e. activated, by pretreatments such as heating 
in steam,” soaking in organic solvents’* or exposure to chlorine.”* Dilute 
‘solutions of oxidizing agents such as potassium permanganate also activate 
the charcoal but concentrated solutions do not.’* Simply heating the charcoal 
has little effect on its activity.”* The adsorptive power of activated charcoal 
and the effect of its preparation and pretreatment have been discussed in 
terms of the existence of several species of active centres and the variation 
in their numbers.”© An equation for the lowering of the melting point of a 
substance adsorbed within a porous solid has been developed: 


Vicor lies 20% 
al Veplie des p, 


where 7',,is the normal melting point, T the melting point within the porous 
solid, v the molar volume of the liquid phase, r the radius of the pores, q the 
heat of fusion, o the liquid-gas interfacial tension and Pthe angle of contact 
between the liquid substance and the inert porous solid. It was used to show 
that iodine contained in active charcoal is still liquid at room temperature.”’ 

Iodine in solution is also strongly adsorbed on silica gel.”*"?? The adsorp- 
tion of iodine from carbon tetrachloride solution on microscopic. glass spheres 
of known surface area has been measured and, assuming a monomolecular 
adsorbed layer, it appears that only 39% of the glass surface is covered.*° 

The adsorption of iodine from solution on magnesium oxide has been shown 
to depend on the age and pretreatment of the oxide and particularly on the 
solvent used.**8* The adsorption of iodine on activated alumina,®*** on 
barium sulphate,** on silver iodide*®® and on various clays*’ has been studied. 

Though the reaction between aqueous solutions of iodine and starch to 
give the characteristic blue complex has been studied for the last 150 years 
or more, it is still under active investigation.°*°* At low concentrations of 
iodine the interaction is one of reversible adsorption and the iodine can be 
extracted by solvents such as chloroform.** With higher concentrations of 
dissolved iodine the interaction is only slowly reversible and it is now 
considered that the iodine is contained inside the helical form of the linear 
amylose component of starch, the quantity of iodine taken up increasing with 
the length of the helices.**°° Branched chain and short chain amyloses, such 
as amylopectin, take up much less iodine to form unstable red or brown 
complexes.°” The blue complex between iodine and starch of the long chain 
amylose variety has been studied potentiometrically,°**™ spectrophotometri- 
cally*°*°? and by means of X-rays.*°%**° In order to obtain a sufficient 
concentration of iodine in solution, the presence of an alkali iodide is nor- 
mally necessary and some of the iodine is taken up as the tri-iodide ion 
although, contrary to many assertions, the blue complex can be obtained with 
iodine alone.*°%*°? Potentiometric titrations have shown that when iodine 
is added to amylose solutions its.activity remains very low and nearly con- 
stant until one iodine molecule for every 6 to 8 glucose residues in the amylose 
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has been added, the exact figure depending on the iodide concentration.°°'™ 

It was suggested*** that the iodine is ‘dissolved’ in the hydrocarbon 
groups which line the interior of the amylose helix, but the deep blue colour 
of the complex and its absorption spectrum indicate that the iodine is not just 
in non-polar solution. An alternative proposal is that the iodine molecules 
_and the trisiodide ions acquire an induced dipole inside the dipolar helix and 
are oriented parallel to one another and to the axis of the helix, the effect 
increasing with the length of the helix. The polarization of the iodine mole- 
cules alters its light-absorption characteristics and gives rise to the character- 
istic blue colour.’”"*** A more recent explanation of the blue coloration, 
based on experiments using the iodine isotope **"I, is that it results from a 
change in the starch molecule induced by iodine acting catalytically in the 
presence of oxygen and is not dependent on the presence of iodine as such.** 

The partition of iodine between aqueous solutions and organic solvents 
such as carbon tetrachloride,*****® chloroform,*** carbon disulphide, **4*17s!?® 
petroleum**® and ether*”° has been further studied. 

The partition coefficient of iodine between carbon tetrachloride and heavy 
water, D,O, is 103 at 25°C., as compared with 85 for normal water.**® Its dis- 
tribution in completely miscible liquids diffusing together has also been 
determined.*** Iodine has been used as an effective emulsifying agent for 
mixtures of ethyl ether, ethyl acetate, amyl acetate and amyl alcohol with 
water,’ 
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THE ATOMIC WEIGHT OF IODINE 


The atomic weight of iodine has been determined by a variety of methods, 
and all yield very similar results. By synthesizing silver iodide from pure 
silver and iodine, the mass ratio of silver to iodine and of silver iodide to 
silver chloride was determined’ and taking Ag = 107-880, the atomic weight 
of iodine was found by Hénigschmid and Striebel? to be I = 126-917 + 0-0013. 
This work was later repeated by Baxter, Titus and Lundstedt** who obtained 

= 126:915. A value I = 126-915 had been obtained much earlier (1914) by 
Guichard*® from the analysis of very pure iodine pentoxide and although much 
lower results were subsequently obtained by Baxter and Butler® and Baxter 
and Hale’ using this method, it was later pointed out byMoles® that the dis- 
crepancy arose from the application of buoyancy corrections based on faulty 
data for the density of iodine pentoxide. Several redeterminations of this 
density were then carried out and values between 4:98 and 5°28 were ob- 
tained.*”” Using this last figure, Moles recalculated the results of Baxter and 
Butler and obtained the value I = 126-917. Thus it appears that all the 
chemical methods of determining the atomic weight of iodine afford values 
in substantial agreement. 

Physical methods of determining the atomic weight also give similar 
results.*°° From vapour density measurements, Moles obtained the value 

= 126.92.** Aston used the mass spectrograph to demonstrate the absence 
of isotepes of iodine, to measure its packing fraction and hence to determine 
its atomic weight.’ More recent determinations of the packing fraction 
give results of -4-2 x 107*,** and -4-4 x 107*,** which correspond with atomic 
weights I = 126.912 and 126-909 respectively. The discrepancy between 
these figures and the results of chemical determinations might be due to 
analytical errors or to an incorrect value of the atomic weight of silver. 
It seems likely, however, that as the values of the packing fraction were | 
estimated by a somewhat difficult interpolation the atomic weights obtained 
by chemical analysis or synthesis are probably the more accurate.** By 
means of X-rays, Straumanis measured the volume, V, and the number of atoms, 
n, comprising the unit cell of solid iodine. These are related to the atomic 
weight by the equation: NdV 

At. Wt. = 


where N is the Avogadro number and d the density; the low value of 126-80 
was obtained. However none of the values for the density of iodine at 
room temperature are at all recent and it is possible that a fresh value of d 
would yield a higher value for the atomic weight.*® 

Much of this work has been critically reviewed by the several committees 
on atomic weights set up by the International Union of Pure and Applied 


Chemistry: the most recent accepted value for the atomic weight of iodine 
is T= 126.92,%" 
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CHEMICAL REACTIONS OF IODINE 


The extensive work on the reversible reaction of iodine with hydrogen, 
H, + I, = 2HI, has been reviewed by Bodenstein’ and by Hinshelwood.? 
Complete thermodynamic data for this reaction from 0 — 1500°K.:have been 
tabulated by the_ United States National Bureau of Standards* and a few values 


(in kg.-cal.mole™) of the standard heat content change, AH®, the standard free — 
energy change, AG® and of the equilibrium constant (expressed as log,,K) are 


given in Table XI. . 
TABLE: XI.- THERMODYNAMIC DATA FOR THE REACTION 
“4H, + 41, = HI 


[tempat %% [MP [SOY Tosa 


The reaction is bimolecular and at 700°C, has a velocity constant is / 


6-4x10°* mole litre™*.? Measurements of the variation of the velocity constant 
with tem mperature lead to an activation energy for the reaction of 43-3kg.-cal. 
mole*.*. It is suggested that this is largely the energy required to dis 
sociate the iodine into atoms which then rapidly react with molecular hydro- 
gen.‘"? There is no evidence that the reaction is influenced by the presence 
of water vapour.*® Both forward and reverse reactions are photosensitive 
although the formation of hydrogen iodide is not catalyzed by wave-lengths 
longer than 3100A.*° Hydrogen is readily adsorbed by solid iodine in an 
electric discharge tube.*° 


The reaction of iodine with deuterium is slower than with hydrogen,* the 


ratio of the'rate constants Ku,/Kpe at 760°C. being 2-15.32 The activation 
energy of the deuterium reaction was found to be 46-6kg.-cal.mole™ but if the 
difference in the collision rate is considered, the difference in the activation 
energies was calculated to be only 750 g. scale mole™*.4? This work was later 


criticized.? Both these reactions are considered further in the section 


dealing ons hydrogen and deuterium iodides. 

Iodine vapour combines at room temperature with the vapours of the alkali 
metals in a highly luminous reaction.**** The emission spectra of these 
dilute flames have been recorded*5"** and a significant emanation of electrons 
has been detected.'® The interaction of a beam of iodine molecules” with a 
beam of cadmium atoms at very low pressures has also been investigated.” 

Iodine as vapour or in the solid state reacts at room temperature with 
copper and silver to form cuprous iodide and silver iodide respectively. The 
rate and manner of formation of the iodide layers on the metals were studied 


by observing the interference phenomena resulting from the reflexion of light 


in the thin layers?”* and by measuring the variation of surface potential.” 


The rate of tarnishing of the metal surfaces in iodine vapour was found to be 


considerably increased when a beam of ultrasonic sound was directed onto 


30 


the surfaces.” The reaction between copper and iodine in aqueous potassium 


iodide solution is unimolecular with respect to the iodine concentration and > 
the rate is not affected by varying thicknesses of the cuprous iodide film on 


the surface,** whereas the rate of the corresponding reaction in an organic 


solvent certainly is so affected.** The reaction of tin with iodine in carbon 
tetrachloride solution is unimolecular but depends on the rate of diffusion of 
iodine to the metal.** The rate of reaction of iodine with mercury vapour** 

and with mercury droplets75*> has been studied. In the second case, the 
reaction is heterogeneous and is very rapid when a crystal of mercuric iodide 
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is in contact with the mercury surface. The first product of the reaction is 


~ 


mercurous iodide and, in the presence of further iodine, this is transformed into 
mercuric iodidet 2Hg +I, — Hg,I,; Hg,],+1, — 2Hgl,.* 
Iodine as vapour and in the solid state reacts with magnesium, calcium, 


aluminium, zinc, tin, nickel and iron and in each case the iodide is formed.*%*” 
No reaction has been observed with lead, bismuth or gold.*”? Platinum is 


also unattacked by iodine at ordinary temperatures but at 1400°C., when 
appreciable dissociation of the iodine into atoms occurs, volatile PtI and 
PtI, are formed. The heat of adsorption of atomic iodine on platinum is 
calculated to be 53°7kg.-cal.mole”*.** Tungsten, on the other hand, is at- 
tacked by molecular iodine at normal temperatures to form a non-volatile 
iodide but is not attacked at high temperatures when even atomic iodine has 
no effect.*® Iodine reacts with both tantalum and niobium at 1300 —1500°C. 
to form the pentaiodides, Tal, and NblI, respectively. If the surrounding 
iodine vapour is heated above 400°C., the iodides distil off and in each case 
a black distillate of uncertain composition is collected.*® Iodine and vana- 
dium combine to form the pentaiodide, VI,, which on heating decomposes to 


garnet red crystals of the sesqui-iodide, V,I,. This does not decompose or 
vaporize on further heating.*® 


Moist iodine vapour rapidly corrodes metals, including most stainless 
steels,*°°*® The initial process is the formation of corrosion centres where 
small amounts of metal iodide are formed which invariably deliquesce, and 
the major part of the corrosion then takes place in the liquid phase, almost 
certainly electrochemically.** The effect of water vapour pressure,*° iodine 
vapour pressure and temperature** on the rate and manner of formation of 
corrosion centres has been studied for the metals beryllium, aluminium, copper, 
iron and some steels. Only titanium and molybdenum steels were unat- 
tacked.*4*5 The corrosion of metals by molten iodine has also been inves- 
tigated.*® Moist iodine reacts slowly with iron carbide forming ferric poly- 
iodide and ferric iodate.*” In the presence of aqueous ethyl! alcohol, aluminium 
and iodine form aluminium iodide, AlI,, which hydrolyses: 

All, + 3H,O —> AI(OH), + 3HI. 
The hydriodic acid in the presence of more aluminium then reacts with the 
ethyl alcohol to give ethyl iodide.** 

Iodine and oxygen combine to form iodine pentoxide but only under high 
pressures and at high temperatures. After 2 hours at 325°C. and 1200kg.per 
sq.cm. partial pressure of oxygen, a yield of 2*3% was obtained.*® The 
reaction between iodine and carbon monoxide, CO + I, + H,O = CO, + 2HI, has 
been shown to occur in acid solution and to be strongly catalysed by palladous 
salts.*°° Phosphorus vapour and dry iodine vapour react to form phosphorus 


tri-iodide, PI,.5* The same product is obtained when the reaction is carried 


oxidized by iodine to sulphuric acid; 


out in carbon disulphide solution provided that water and oxygen are rigorously 
excluded,*? but in carbon tetrachloride solution only the tetraiodide, P,I,, is 
formed.** The addition of water to the reaction product in carbon disulphide 
gives phosphonium iodide.™ 

Iodine dissolves unchanged in absolute sulphuric acid** and its solubility 
is increased by the addition of anhydrous silver or mercuric sulphates. 
Such solutions are strongly oxidizing, probably because compounds of the 
type I,(Ag,SO,),, I,(AgHSO,), or 1,80, are present.°© The suggestion that 


the oxidizing power of these solutions is due to the formation of hydrogen 


peroxide is thought tc be incorrect.°’ Sulphurous acid is quantitatively 
5869 the reaction is very fast and special 
techniques are required to study its kinetics.°°®° 

The reaction of iodine with concentrated nitric acid to form iodine pent- 


oxide is well known®™ and it has been shown that at least 885% HNO, is 
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required for the reaction to proceed to completion within one hour.®* With 
fuming nitric acid, the first product of the reaction is iodine tetroxide, I,0,, 
which is decomposed by further heating or by reaction with water to yield 
iodine pentoxide, I,0,. If moisture is rigorously excluded from the reaction 
and the oxides of nitrogen are removed as they are formed by a current of air, 
the decomposition is prevented and iodine tetroxide can be isolated,°*** 

Nitrous acid and nitrites are quantitatively oxidized by iodine to nitric 
acid and nitrates respectively: NaNO, + I, + H,O = NaNO, + 2HI. The reac- 
tion is bimolecular in the dark, the reaction rate being given by 


d{=1,) _ k [NOs Sas 
dt (K,+[T]) Agaat 1) 


where kand A are constants and K, is the equilibrium constant for tri-iodide 
formation. The kinetics of the reaction indicate that the mechanism involves 
iodine atoms, nitrogen peroxide and regenerated nitrous acid:*° 


NOD le cee N Ope ee tee 
NO vet tl eNO ae ale 
Z2NO,4 HO ENO NO}. 


The reaction between iodine and neutral nitrites, normally slow, is ac- 
celerated by the presence of sodium thiosulphate, and in iodometric titrations 
nitrites and oxides of nitrogen must be rigorously excluded.®’ The oxidation 
of nitrites by iodine is photosensitive and several investigations of the 
quantum efficiency and temperature coefficient of this reaction have been 
carried out.®*-’* The quantum yield was found to be independent of the 
initial iodine concentration but dependent on the wave-length of ‘the incident 
radiation, on the temperature and on the total ionic strength. It is always 
considerably less than unity, being normally within the range 0-005 —0-1.% 
Iodine reacts with molten potassium nitrite to give potassium nitrate and 
nitric oxide, I, + 4KNO, = 2KNO, + 2KI + 2NO.” 

The reaction of iodine with hyponitrites depends on the pH of the solu- 
tion. In alkaline solution, nitric oxide and a nitrite are formed, whereas in 
neutral or acid solution nitrogen and nitrous oxide are formed as well.”* In 
alcoholic solution, iodine reacts with silver nitrate to give silver chloride 
and iodine nitrate: AgNO, + I, = AgCl 2 INO,.. The iodine nitrate may be 
isolated as the pyridine or atinatine salt.’ 

Iodine reacts with phosphoric acid in fuming nitric acid solution, iodine 
phosphate, I,PO,, being formed.’*”® Phosphorous acid is oxidized slowly by 
iodine: H,PO, +1, +H,O =H,PO, + 2HI.7"** Between pH2 and pH9 the only 
dee cable reaction was between HPO3" i ions and free iodine molecules. When 
treated on the basis of a simple eollieea hypothesis, this bimolecular re- 
action falls into the category of reactions having abnormally high values of 
P in the equation : pze7E/RT, 


the value in this case being 3 x 10’. At pH values less than 1 the reaction 
becomes much faster and the acid-catalysis is thought to be due to the for- 
mation of protons solvated by undissociated phosphorous acid molecules, i.e. 
H,POf, which are highly active.** The reaction of iodine with hypophosphorous 
acid and hypophosphites, although much faster, probably has a similar mech- 
anism.°7"**. Ie is also acid-catalyzed, almost certainly through the formation 
of H,PO-} For the reaction H,PO, + I, + H,O = H,PO, + 2HI, the velocity 
constant at 30°C, is 0-35 and the activation energy is 20 kg.-cal. mole™, 
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whereas for the phosphite reaction the corresponding quantities are 0-001 and 
22°5kg.-cal.mole™ respectively.** 

Iodine reacts with concentrated ammonia solution to give nitrogen tri-iodide 
N,H,I,.°° With warm dilute aqueous ammonia, iodine forms ammonium iodide 
and a small amount of ammonium iodate, and nitrogen is evolved.®’ It is 
probable that ammonium iodide formed initially reacts with more iodine to form 


- monoiodoamine, NH,.I, i.e., NH,I +1, =NH,I + 2HI. The monoiodoamine, being 


unstable, then decomposes according to the equation 4NH,I = 2NH,I + N, +1,.°° 
The reaction between iodine and ammonia in carbon tetrachloride solution 
results mainly in an addition product xNH,,yl,, although small quantities of 
hydrazine and hydroxylamine have also been detected.*® 

The rate of reaction of iodine with alkali metal hydroxide solutions to give 
the corresponding hypoiodite has been shown to increase with the concentration 
of alkali and with rising temperature. At 50°C. the reaction is almost instan- 
tanecus: 2NaOH + 1, = Nal + NaOIl + H,O. The subsequent transformation of 
the hypoiodite into iodate is, however, little influenced by these factors or by 
the concentration of iodate.*”°° Magnesium oxide and calcium oxide develop 
a red colour in iodine solutions. The iodine is thought to be chemisorbed 
although some formation of hypoiodite occurs. In organic solvents iodine is 
also adsorbed on these oxides and reacts slowly to form the metal iodide and 
iodate.** With silver and mercuric oxides, addition products are formed, Ag,Ol,, 
a green amorphous powder** and HgOlI,, a red amorphous powder.** Both com- 
pounds decompose in boiling water or in alkaline solution to give a mixture of 
of iodide and iodate: 3AgOI, + GKOH = GAgOH + KIO, + 5KI. Nascent iodine 
in the presence of hydriodic acid reacts with alkali and alkaline earth oxides, 
silver oxide, mercuric oxide, and nickel and copper hydroxides to form the 
corresponding iodides.°* Thermally or optically dissociated iodine vapour 
reacts with quartz glass and produces a brown coating identified as silicon but 
in the presence of oxygen the coating is essentially silica.°** 

Iodine reacts with hydrogen peroxide solution to give hydriodic acid and 
oxygen, I, + HO, = 2HI + O,, but the acid, once formed, is rapidly oxidized by 
the hydrogen peroxide liberating free iodine, HI + H,O, = 2H,O + 1,. The iodine 
therefore catalyzes the decomposition of the peroxide and, by adjusting the 
concentrations in this reaction, a steady state may be attained where the 
rate of formation of iodine equals the rate of its removal. The reaction between 
iodine and hydrogen peroxide is infinitely slow in acid solution but attains a 
measureable velocity in neutral solution and becomes very fast in alkaline 
solution. There is at least a two-fold mechanism (1) I, + H,O -—> HI +HIO 
and (2)HIO + H,O, >HI +H,0 + 0,.°°°* The rate-determining step is the hydro- 
lysis of iodine, (1), and the second step, the reaction of IO” with a molecule of 
hydrogen peroxide is very fast, the specific reaction rate being 4 x 10**.°* The 
reaction mechanism is, however, almost certainly more complex;°*"*°? when iodine 
in solution is treated with a moderate excess of hydrogen peroxide, there is a 
lengthy induction period which may be curtailed by adding acid, or eliminated by 
addition of a small quantity of an iodate.*®* The reaction is photo-sensitive 
and the effect of changing concentrations of the reactants on the quantum 
yield has been determined. The primary step in the light-catalyzed chain 
reaction is the dissociation of the iodine into atoms; these then react with 
the hydrogen peroxide to form the HO, radical which with the molecular iodine 
forms oxygen, hydriodic acid and another iodine atom. (1) 1, + Av — 2I; 
(2) H,O, +1 — HO,+HI; (3)HO,+1, ~ HI+1+0,.°% 

Iodine oxidizes arsenious oxide in aqueous solution to arsenic acid: 
21, + 5H,O + As,O, = 4HI + 2H,AsO, The essential step in the reaction is 
between HIO, formed by hydrolysis of the iodine, and the undissociated mole- 
cules of arsenious acid, H,AsO,.*°*°© The reaction is reversible although the 
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equilibrium concentration of arsenious acid is normally very small.*% In 
neutral solution this reaction is the basis of an accurate method of standard- 
izing iodine solutions. Iodine also oxidizes arsenious sulphide, and in 
alkaline solution arsenate and sulphate are produced: 


As,S,; + 141, + 40NaOH = 2Na,AsO, + 3Na,SO, + 28NaI + 20H,0O. 


Molybdenum trisulphide is similarly oxidized~ to molybdate and sulphate. 
Both reactions are quantitative in strongly alkaline solution and may be used 
for the determination of these sulphides.*°? The reaction between iodine and 
hydrogen sulphide in aqueous solution is a useful method of preparing pure 
hydrogen iodide; H,S +1, —> 2HI + S.*% The fact that it does not take 
place in carbon tetrachloride and certain other non-aqueous solvents has been 
confirmed, although pyridine has been shown to be as effective as water in 
promoting rapid and complete reaction.*” 

The oxidation by iodine of thiosulphates to tetrathionates is the basis of 
most iodometric titrations and the exact conditions needed to attain true 
equivalence have been studied.***"** In aqueous solution the reaction is very 
fast but measurable rates were obtained by mixing aqueous sodium thiosulphate 
solutions with solutions of iodine in carbon tetrachloride and in chloroform.***"* 
The presence of nitrite ions has been shown to catalyze the conversion of 
thiosulphate to sulphate and not to tetrathionate.'*5"* Iodine also reacts 
with solid sodium thiosulphate but only when this salt has one or more mole- 
cules of water of crystallization,**” | 

In neutral solution iodine quantitatively oxidizes thiocyanates to the 
corresponding sulphate and iodine cyanide: 


2KCNS + 81, + 8H,O > K,SO,+ 2ICN + 14HI + H,SO,. 


In acid solution, owing to the displacement of the equilibrium ICN +I = 
CN” +1, the net reaction is: 


2KCNS + 61,+8H,O => K,SO,+12HI + 2HCN + H,SO,. 


A kinetic examination!*® of this oxidation has shown that the mechanism is 


not as simple as was first thought,'*%?° although there is little doubt that 
the reaction is strongly base-catalyzed,“4*"'*° Excess of alkali, however, 
causes hydrolysis of the iodine cyanide and in quantitative analysis the 
reaction is best carried out in the presence of sodium bicarbonate. *”° 

The oxidation by iodine of ferrous iron to the ferric state occurs only 
under the influence of light. In the dark, the reverse reaction occurs,***""* 


ht 
et otis Ore eee 
dark 


The only photosensitive reactant involved is iodine, which undergoes photo- 
dissociation.’**-**? In the visible region, wave-lengths of 5500 to 6500 A. 
are effective'** and ultra-violet radiation also has been shown to promote the 
forward reaction.*** The velocity constants of the forward and back reactions 
and the equilibrium constant have been studied, also the effect of added 
salts.*%°-*°* The forward reaction can be brought to completion by adding 
phosphoric acid whereby the feebly ionized ferric phosphate is formed.*** 
Iodine also oxidizes tervalent titanium to the tetravalent state,’** divalent 
manganese to trivalent manganese**’ and tervalent vanadium to tetravalent 
vanadium.*** A step-wise mechanism for these reactions has been proposed, 
etg.,(1)o Tit 41, Sd ee) LL ee fi 

Metallic cyanides react with iodine to form the corresponding iodides and 
cyanogen: I,+2CN” =C,N,+2I. With excess of iodine the liberated cyanogen 
partly reacts to give some iodine cyanide: C,N, + I, = 2ICN.**%*** Iodine 
oxidizes ferrocyanides in solution to ferricyanides: 
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2Fe(CN),* +°1, = 2Fe(CN),* + 27; 


the reaction is reversible and the concentration equilibrium constant is?*? 
approximately 2-3 x 10’, being greatly dependent on the ionic strength of the 
solution, the nature of the cations present and the presence of any additional 
anions.**7"**4 The reaction is also photosensitive.'*® With an appreciable 
excess of iodine, ferrocyanides are themselves oxidized to Prussian blue, 
iodine cyanide and cyanide ions.**® 

It was demonstrated in 1922 that the reaction between potassium azide 
and iodine was catalyzed by carbon disulphide: 2KN, + I, = 2KI +3N,. It 
was shown that the carbon disulphide is first converted into potassium azido- 
dithiocarbonate, KSCSN,, which reacts with the iodine to give azido-carbon 
disulphide 2KSCSN, + I, = 2KI + (SCSN,),. This in turn reacts with potassium 
azide to give potassium azido-dithiocarbonate again and elementary nitrogen, 
2KN, + (SCSN,), = 2KSCSN, + 3N,.**7 It was subsequently shown that many 
other sulphur compounds similarly catalyze the evolution of nitrogen from the 
otherwise stable potassium azide-iodine mixture***® and this reaction has 
become the basis of a sensitive test for sulphides and sulphur compounds, but 
not for free sulphur which does not catalyze the reaction.**° The mechanism 
of this reaction,*®™ its velocity constant and the corresponding data for the 
analogous reaction involving bromine*™ have been discussed. 

Both hydrazine and hydroxylamine, in aqueous solution as their hydro- 
chlorides, are oxidized by iodine, nitrogen and nitrous oxide being formed 
respectively: *54** 

N,H,,2HCI + 21, — N, + 4HI + 2HCl1 


2NH,OH,HCI + 21, — N,O + 4HI + 2HCl + H,O. 
The experimentally determined reaction rates agree well with the equations 


dit] _ , IN,HIIUG) . 4 dll _ , (NH,OH,HCI) [13] 
ane a eta 


which are based on the assumption that the effective oxidizing agent is hypo- 
iodous acid, HOI.*5* | 

Iodine reacts quantitatively with lead tetrachloride to form iodine mono- 
chloride: PbCl, + I, = PbCl, + 2ICI.*%* Iodine is oxidized to iodate by per- 
chlorates,'*5'5° chlorates*®” and bromates*** (see page 874) and by a mixture of 
aqueous alkali iodide and borate.**? 

Iodine catalyzes the reaction between iron and carbon monoxide giving 
iron pentacarbonyl: Fe + 5CO -> Fe(CO),.*°° The role of iodine as a 
catalyst in the hydrogen=chlorine reaction,*™ and its effect on the ignition 
temperatures of hydrocarbon combustion reactions*®*? have been discussed. 

In the hydrogen~oxygen reaction traces of iodine greatly lower the upper 
explosion limit, shifting the region of self-ignition to higher temperatures.*** 


and 
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SECTION XXXII 


THE PREPARATION OF HYDROGEN JODIDE 
AND HYDRIODIC ACID 


By G. J. HILLS 


The principal methods of preparing hydrogen iodide and hydriodic acid 
remain largely unchanged. The exact experimental details of the catalyzed 
Preparation of hydrogen iodide from gaseous iodine and hydrogen have been 
described* and a diagram of the most recent apparatus used in this method 
has been given.** Finely divided platinum metal heated to at least 300°C, is 
recommended for use at normal pressures;*” at higher pressures, moist chromic 
chloride, heated to 150—200°C., has been successfully used.* Hydrogen 
and iodine also combine when subjected to a silent discharge.* | 

In the preparation of hydriodic acid by passing hydrogen sulphide rapidly 
into a suspension of iodine in water, filtration through sand is suggested as 
the most effective way of removing the precipitated sulphur.* The presence 
of sulphur in the hydriodic acid solution appears to cause decomposition, 
particularly when the solution is distilled, and dialysis through a collodion 
membrane may be necessary to remove colloidal sulphur.® ~ 

Hydriodic acid can be conveniently prepared on a large scale by the 
hydrolysis of phosphorus iodides, prepared by heating together iodine and 
red phosphorus. In order to suppress the formation of explosive hydrides of 
phosphorus, excess of iodine must be present throughout.” On a laboratory 
scale hydrogen iodide has been prepared by the action of iodine on tetralin.® 
Hydriodic acid solution can be obtained by heating an iodine suspension in 
water with activated charcoal. The hypoiodous acid produced by hydrolysis 
of the iodine is reduced by the charcoal: 


I, + H,O —» HI + HOI; 2HOI + C —» CO, + 2HI. 


Only dilute solutions of hydriodic acid can be prepared in this way but much 
higher yields are obtainable by passing a mixture of steam andiodine vapour 
over activated charcoal at 700 — 800°C.’ 

These methods of preparation have been critically compared by Moles who 
has described some of the difficulties involved in manipulating gaseous 
hydrogen iodide. It is decomposed by light, by most organic substances, 
€.g., tap-grease, and also by large glass surfaces, particularly i in the presence 
of traces of water.*® Anhydrous hydrogen iodide is conveniently prepared 
from its aqueous solution by dropping the solution on to phosphorus pentoxide, 
bubbling the evolved gas through a saturated solution of calcium iodide to 
remove iodine and finally drying the gas over more phosphorus pentoxide.” 

Hydrogen iodide is usually stored in aqueous solution, but even as hydr- 
iodic acid it is sensitive to light and to impurities, and it should be preserved 
ina well-stoppered dark glass bottle sealed with paraffin. If the air above 
the liquid is displaced by some inert gas before the bottle is sealed, the 
hydriodic acid can be kept in a satisfactory condition for some time.° The 
addition of approximately 0°1% of red phosphorus inhibits the liberation of 
iodine.** Hydrogen iodide and water form a constant-boiling mixture contain- 
ing 57% HI, and hydriodic acid may therefore be purified by distillation, 
preferably in an inert atmosphere, the fraction distilling between 125 and 
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127°C. being collected. Recommended specifications for hydriodic acid as 
an analytical reagent have been described.** 

Syrup of hydriodic acid, a solution of hydrogen iodide and sugar in water, 
has pharmaceutical uses and is often preferred to iodine as an internal anth: 
septic. The factors affecting its stability and purity have been studied.” 

Deuterium iodide may be prepared directly from its elements in the manner 
described above?®!” but the most convenient method of preparation is to add 
red phosphorus to a suspension of iodine in heavy water, DLO. Precautions 
similar to those described for hydrogen iodide must be exercised in the 
manipulation and storage of deuterium iodide. 
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SECTION XXXIV 


THE PHYSICAL AND CHEMICAL PROPERTIES OF 
HYDROGEN IODIDE AND HYDRIODIC ACID 


By G.]. HILLS 


THF PHYSICAL PROPERTIES OF HYDROGEN IODIDE 


The physicochemical properties of hydrogen iodide, which is a colourless 
gas at room temperature, have been reviewed by Moles.* It shows marked 
deviations from the ideal gas laws owing, it is suggested, to a significant 
concentration of dimeric H,I, molecules.* The viscosity of gaseous hydrogen 
iodide at 0°, 20-G°, 100-2° and 250°C. has been determined as 1-839, 1-873, 
2-404 and 3-178 x 10° poise respectively.** Its critical temperature is 
424-1%.(150-9°C.) and its critical pressure 82 atmospheres. **® 

At 237-75 + 0-05°K., (=35-41°C.) hydrogen iodide condenses to a colour- 
less liquid,’ the vapour pressure of which is given by the equation:* 


(ope 7.20883 = ly, by® 
08 Pmm = 7° Bs ay LS cr, more accurately, by 


108 Pim = 26:19 + 00022937 = 7-111 log T ~~ 


Its internal pressure has been calculated as 2131 atmospheres.’ 

At 222-31°K., (-50+85°C.) liquid hydrogen iodide freezes to a colourless 

solid,’ the vapour pressure of which is given by the equation:°® 

log pmm, = 10-493 =- 0.003167 T ~ 0:377 log T - pave), 
The crystal structure of the solid has been determined as a tetragonal face- 
centred lattice,*® the unit cell containing 4 molecules of HI and being very 
similar to that of solid xenon.** If solid hydrogen iodide is cooled to 15°K., 
transition points are detected at 125°, 82° and 21°K.™*° At 78°K., the density 
of solid hydrogen iodide was found’? to be 3-537 g.c.c." 

The heat capacity of hydrogen iodide has been determined from 15°K. to 
the boiling point. The latent heat of fusion and the latent heat of vaporiza- 
tion were found to be 686-3 + 0°8 and 4724 + 5 g.-cal.mole™ respectively. 
From these data, together with the molar heats of transition, the entropy of 
gaseous hydrogen iodide at the boiling point was evaluated’ as 47°8 +01 
ge-cal.deg:*mole’,** which is in good agreement with the value of 47°7 g.- 
cal.deg:*mole™* calculated from spectroscopic data.** Its entropy at 25°C., 
So os1eK, is? 49°314 g.ecal.degs*mole™. The zero-point energy of hydrogen 
iodide was calculated*® to be 3258 g.-cal.mole™ and*’ that of the molecular 
crystal 164 g.-cal.mole?* The chemical constant of hydrogen iodide, deduced 
from vapour pressure measurements, is + 0-780.** Various empirical relation- 
ships have been proposed connecting the entropy of fusion, the heat of vapor- 
ization or the boiling point with the atomic structure of hydrogen iodide.*””° 

The heat of formation of gaseous hydrogen iodide from hydrogen and solid 
iodine, based on calorimetric investigations of the reaction HI (gas) + %4Cl, = 
HCl (gas) + %4I, (solid) at 22°C., was calculated***? to be 5°97 + 0:05 kg.- 
cal.moles* The most recent value for AHSos,:60xK taken from the tables of 
the United States National Bureau of Standards is*® 6-20 kg.-cal.mole™; the 


? 
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corresponding standard free energy of formation, AG9o.,,.°, is*® 0°31 kg.ecal. 
mole”. The standard heat of formation of HI at 0°K., AM, has been calcula- 
ted** as 6°73 kg.-cal mole™*. Values of the heat of formation, the free energy 
and entropy of formation, the molar heat capacity and the equilibrium constant 
of formation from 0° to 1500°K. are also given in the tables of thermodynamic 
data published by the United States National Bureau of Standards.** (See 
page ). The H-I bond energy is given** as 71°2kg.-cal.mole™*, The force 
fields of the hydrogen iodide molecule have been discussed*™** and the most 
recent value for the equilibrium interatomic distance is 1°504 A. From the 
characteristic vibration frequency of the hydrogen iodide molecule the force 
constant, corrected for anharmonicity, was. calculated to be 2-9 x 10° dynes 
per cm.*5 

The ionization potential of hydrogen iodide has been determined as 13-0 + 
O-2 e.v.7"*8and no direct relation between this and the break-down potential 
has been observed.”® Its proton affinity at 25°C. has been calculated*® as 
311 + 2 kg.-cal.mole™. . 

The physical properties of deuterium iodide are very similar to those of 
hydrogen iodide. Solid deuterium iodide, also colourless, has a vapour pres- 
sure given by the equation:® iy 


logPmm, = 10505 — 0.003167 T —0-377 log T - —y-- 


Its melting point is 221-23°K, (=51-93°C.) and its latent heat of fusion is* 
684-3 g.-cal.mole™. Over its liquid range, deuterium iodide exerts a vapour 
pressure given by the equation:® eae 

3 


logPmm, = 26°129 + 0.002293 T — 7-111 log I play tk 


Its boiling point at 760 mm., calculated from this equation, is 237-0°K., but 
later work suggests that a value of 237+25°K, (#35091°C.) is to be prefer 
red.*! The latent heat of vaporization of deuterium iodide is* 4716 g.ecal. 
mole™* and its critical temperature*? is 421-8°K. (148°6°C.) From heat 
Capacity measurements on solid and liquid deuterium iodide, together with 
the thermal data above, its entropy at 237+25°K. in the gaseous state was 
computed to be 4920 gercal.deg:*mole™, which compares well with the sta- 
tistical value of 49°14.°" The zero point energy of deuterium iodide has been 
calculated*® as 2319-98 g.*cal.mole™. 

The standard heat of formation of gaseous deuterium iodide, AH, x , 
is 1159 + 15 g.-cal.mole™* and its entropy of formation, ASs_ ,ox , is 1-303 ge" 
cal.deg-*mole.“* Both values were calculated from spectroscopic data.*$ 
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THE PHYSICAL PROPERTIES OF HYDRIODIC ACID 


Hydrogen iodide dissolves in many solvents, particularly water and other 
hydroxy-compounds, to give solutions which are strongly acid. At room 
temperature, aqueous hydriodic acid solutions are virtually wholly dissociated 
into hydrogen and iodide ions.’ 


The boiling points of various aqueous hydriodic acid solutions, are given 
in Table I. 


TABLE I.- BOILING POINTS OF AQUEOUS SOLUTIONS OF HYDROGEN IODIDE 


Percentage HI W./W. Boiling point, °C., at 746mm. 


The constant-boiling mixture corresponding to 56-7% HI W./W. is seen to 
exhibit a maximum boiling point of 126.7°C.? The variation of the surface 
tension of hydriodic acid solutions with ‘composition has also been studied. ® 

The results of a refractometric investigation at 25°C. of aqueous hydriodic 


acid solutions are given in Table II, where nh, refers to the yellow D, line of 
helium.* 


TABLE II.- DENSITY AND REFRACTIVE INDEX OF 
_AQUEOUS SOLUTIONS OF HYDROGEN IODIDE 


% HI, W./VW. % Hi, W./V. Density Refractive | Equivalent 
i ,  Yrefraction 
RS, 


0 0-99707 1.33248 


1.5741 | 1.14084 1-36395 18-636 
2°6176 ° 1- 23659 1.38497 18°555 
4.0012 ° 1-36451 1-41322 18-450 
6-0440 ( 1-55478 1.45529 18-276 
7+2184 j 1-66449 1.47963 18-180 


Earlier work on the refractive cee of aqueous and alcoholic solntiane of 
hydrogen iodide has been reviewed.* The magneto-optical rotation of hydrogen 
iodide in aqueous solution has been determined® as 13-44 x 10°*° minutes cm?. 
Its coefficient of magnetization has been measured by the method of falling 
drops and both H* and I° were found to be diama gnetic, the susceptibility of 
the iodide ion being ~49-9 x 10°® c.g.s. units.’ 

Aqueous hydriodic acid is a strong electrolyte, the degree of dissociation 
into ions at normal temperatures being at least 99%.* Its mean molal ionic 
activity coefficients, y+, and osmotic coefficients, $, between 0-05 and 3M. 
have been determined isopiestically at 25°C. and are given in Table III.®* 
These results are in good agreement with those obtained earlier from measure~ 
ments of the e.m.f. of the cell H,|HI(aq)|AgI|Ag.*° Using these e.m.f. data and 
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I 
TABLE III.- MEAN MOLAL IONIC ACTIVITY AND OSMOTIC COEFFICIENTS 
OF AQUEOUS SOLUTIONS OF HYDROGEN IODIDE 


Moles HI Moles HI 
per 1000¢g. per 1000g. 
H,0 H,O 


0-7 
1-0 
1.5 
2-0 
3-0 


the more recent activity coefficients, E3.0,. for this cell was calculated as 
0-1517V., and this leads to a value of 0-535 2%, for the iodine-iodide electrode, 
also at 25°C. The value of E° for the above cell has also been obtained 
directly and the results for various temperatures are given in Table IV.™ 


TABLE IV.* VALUES OF E° FOR THE CELL 
H, | HI(aq.) | Agl | Ag. 


; Biri 8 10 15 Darran 
25 30 35 40 
0.15225 0.15792 


The above activity coefficients lead to a value of 5=5-5 A, for the distance of 
closest ionic approach depending on the form of the Debye=Htickel expression 
used. The limiting equivalent conductance of hydriodic acid in aqueous 
solution at 25°C, has been determined directly and found!” to be 432°3 ohms™; 
the corresponding value calculated**"* from the most recent limiting ionic 
conductances for the hydrogen and iodide ions is 426.6 ohms”. The diffusion 
of hydriodic acid in aqueous solution has also been studied.?® 

The heat of formation and the heat of dilution of aqueous hydrogen iodide 
have been determined directly; at infinite dilution, the heat of formation at 
25°C. was found” to be -13-21kg.-cal.mole?* The partial molal heat-capacity 
of hydriodic acid, C, has been found to be a linear function of m”, where m is 
the molality, over the range m = 0 to m = 3. It is given by the equation 
C = C°+Am*%, where at 25°C, C° = =33-7g.-cal. and A = 15+9,?” 

The electrolytic dissociation of hydrogen iodide in non-aqueous solvents 
has been studied by determining its electrical conductivity.'*?? In methyl 
and ethyl alcohols, hydriodic acid is a strong electrolyte,**?%* the equivalent 
conductances at 25°C, being given respectively by 


A oh Wp ea ee 
UronE ec gs eS 
A HOH 253.2 _ 42+7n 


SE Te 
n+0-0583 

| 
where nrepresents the concentration of hydrogen iodide in g.perlitre.*® Hydro- 
gen iodide in pyridine is a weak electrolyte and its dissociation constant, 
determined from conductance measurements, was found to be 5-9 x 10°*g, 
equivalent litre™* at 25°C.” 
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THE CHEMICAL PROPERTIES OF 
HYDROGEN IODIDE AND HYDRIODIC ACID 


Hydrogen iodide is unstable at room temperatures and above, slowly de- 
composing to hydrogen and iodine. At 25°C. the Standard free energy change 
for this decomposition is -0-31 kg.-cal. per mole.* The uncatalyzed reaction 
is slow at normal temperatures but attains a measurable velocity above 400°C 
and many determinations have been made of the decomposition rate in the 
temperature range 550 —800°C., particularly by Bodenstein’ and his collabor- 
ators and by Hinshelwood.* The homogeneous decomposition is bimolecular, 
the velocity constant, 4, being given by the equation: 


10030 
1 


where TJ is the absolute temperature.* This leads to an activation energy of 
45°9 kg.-cal.mole™* which is in reasonable agreement with most previous 
experimental values”*5 and with the value calculated from statistical me- 
chanics.°“* The mutual interaction between hydrogen iodide molecules as 
a preliminary to reaction has been considered in detail.°"*! The influence of 
water vapour on the decomposition reaction was found to be very small.*? 

The decomposition of hydrogen iodide is catalyzed at metal surfaces 
such as gold® and platinum;** the reaction is then of zero order with an 
activation energy of 25 kg.-cal.per mole* and is probably a simple mono- 
molecular decomposition of adsorbed hydrogen iodide molecules’ to adsorbed 
hydrogen and iodine atoms.**"** 

Deuterium iodide also decomposes in a similar way, the velocity constant 
of the homogeneous reaction over the temperature range 696°— 779°C, being 
given by the equation:* 

ee 10150 
log Se T 
This corresponds to an activation energy of 46°6 kg.-cal.mole** which, like 
that of hydrogen iodide, is in reasonable agreement with the value calculated 
by statistical mechanics. 

The equilibrium constant, K, for the exchange HI + D, = DI + H, has 

been determined*®® and is given by: - 


fy Io al eel 


logk == 


+ 0-5 log T + 13-001, 


+05 logT + 12-914, 


The ortho-para hydrogen conversion which takes place in an equilibrium 
mixture of gaseous hydrogen iodide, iodine and hydrogen*® has been shown to 
be partly due to direct exchange of the hydrogen with the hydrogen iodide, 
HI + H,(para) —> HI +H,(ortho).” This reaction is in addition to the, reactions 

H,(para) +1, —> 2HI and 2HI — H,(ortho)+I, 
and almost certainly accounts. for the large temperature-dependence of this 
conversion reaction. 

The decomposition of hydrogen and deuterium iodides is also catalyzed by 
light.7*-?© The mechanism of the photo-decomposition is probably (1) HI + 
hy +> H+1; (2)H+HI — H, +]; @) I +1 -—+>L,, in accord with the 
quantum efficiency of the reaction “which is approximately 2.7%” A bimole- 
cular reaction between an activated and an unactivated molecule, which has 
been suggested, is therefore unlikely.7° When solid hydrogen iodide is 
photochemically decomposed at low temperatures (< 100°K.), it is found that 
para-hydrogen is preferentially formed, owing, it is suggested, to the para- 
magnetic action of free iodine atoms. 2s A later attempt to repeat this work 
was not successful.”® A mechanism similar to that outlined above has been 
shown to operate in the photolysis of‘ hydrogen iodide in aqueous solution 
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and in hexane solution.*° The effect of various inorganic salts on the stabil- 
ity of aqueous hydriodic acid has been studied in detail. Most salts markedly 
accelerate the decomposition although some such as those of alkaline earths, 
zinc and cadmium retard the decomposition.** The decomposition of gaseous 
hydrogen iodide is accelerated by X-radiation** and by active nitrogen.**** 

The reaction between hydrogen iodide and oxygen is also sensitive to 
light.**°° The primary step in the photochemical oxidation is again the dis- 
sociation by a photon of a hydrogen iodide molecule into a hydrogen atom and 
an iodine atom, and the ensuing reaction path is almost certainly (1)H + HI — 
H, + I; (2) H+0, ~ HO,; (3) HO, + HI ~H,0O,+1; (4)14+1—-1,. As in 
the hydrogen=oxygen reaction, HO, plays a vital part in the mechanism, and 
it has been suggested that its reaction with a hydrogen iodide molecule, 
although represented here by a simple binary step, may involve a three-body 
collision probably involving another oxygen molecule.*%?”? The influence of 
the wave-length of the incident radiation has been investigated in some detail, 
but with apparently inconclusive results.**°*° Deuterium iodide is photo- 
chemically oxidized faster than hydrogen iodide but the mechanism is almost 
certainly the same.** Hydriodic acid is also photochemically oxidized in 
aqueous solution.‘?"*? In the dark, the reaction is not accelerated by ozone.” 
The velocity of the oxidation of hydriodic acid with hydrogen peroxide has 
been shown to be 1°4 times the rate of the corresponding deuterium reaction, 
D0, 2DIV= cl 20,037 

The reaction between chlorine and hydrogen iodide is very fast. In carbon 
tetrachloride solution it has been shown to be bimolecular, proceeding in two 
stages, (1) Cl, + HI ~ ICl + HCl, and (2) IC1 + HI — HCl] +I1,. The reaction 
is too fast to be accounted for by the mechanism 2HI + Cl, — 2HCl +I, and 
the high velocity is not due to traces of moisture or to a surface reaction. 
The half-life period of the reaction at ~110°C, is only 0-2 sec, and an acti- 
vation energy of less than 5-5 kg.-cal.mole™ is indicated.®° Cyanogen chloride 
and bromide react by a similar two-stage mechanism, i.e., (1) BrCN + HI > 
HBr + ICN, (2) ICN + HI — HCN + I,.°! The addition reaction between 
hydrogen iodide and hydrogen bromide bag! been studied ma gnetochemically. ° 

Hydriodic acid reacts quantitatively with iodic acid to give iodine, 
5HI + HIO, = 3H,O + 31,. The kinetics of this reaction,**** the exact con- 
ditions under which it goes to completion and the subsequent titration of the 
iodine with thiosulphate solutions have all been investigated.** Further 
details of this reaction are given in the section dealing with iodates (see 
page 880). Hydriodic acid is similarly rapidly oxidized by bromic acid and 
deuterium iodide is oxidized even faster.°® 

Small concentrations of hydriodic acid reduce concentrated sulphuric acid 
to sulphurous acid; high concentrations reduce it to hydrogen sulphide.>%™ 
In dilute sulphuric acid solution, both sulphurous acid and hydrogen sulphide 
reduce iodine to hydriodic acid and the limiting acid concentration above 
which this reaction is reversed is approximately 50%.°’ Thiosulphurous acid 
is reduced to sulphur by hydriodic acid:,H,S,0, » 2HI = 2H,O0 42S +1,” 

The reaction between hydriodic acid. and nitric acid! is: represented for- 
mally by the equation, HNO, + 2HI = HNO, + I, + H,O. The proposed mech- 
anism of the reaction involves the presence < of a catalytic amount of nitrous 
acid and is in five stages: (1) HNO, + HNO; = N,0O,+H,0; (2) N,0, = 2NO,; 
(3) NOs dal ca NOE Th (4) NO; + H* = HNO,; (5) 1+I1<I1,. The first step 
is rate-determining Bad has® a lye. constant at 25°C, we between 0-8 and 
1-6 litre*mole™*min™. Excess hydriodic acid reduces the nitrous acid ty 
nitric oxide, 2HNO,+ 2HI = 2NO +1, + H,0,°% and possibly even to nitrogen 

The kinetics a the reactions between hydriodic acid and chromic acid, 
chromates and dichromates have been investigated and the effect of many 
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inorganic chlorides, nitrates and sulphates on the reaction velocity noted.°»™ 
In acid solution the reactionis very fast, and in volumetric titrations involving 
the liberation of todine by chromic acid a low pH is recommended. It has 
however been pointed out that this increases the possibility of oxidation of 
hydrogen iodide and that since the reaction is catalyzed by oxalate ions, and 
to a lesser degree by citrate and tartrate ions, lower acid concentrations can 
just as easily be used if such ions are present. Vanadic acid is readily 
reduced by hydriodic acid to vanadium tetroxide: V,O, + 2HI = V,O, + 1+ 
H,0.°%°”7 Arsenic acid is reduced only in strongly acid solution.°* In the 
presence of potassium persulphate, a mixture of hydriodic acid and silver 
nitrate is oxidized to Ag,IO,.° 

Hydriodic acid has been shown to corrode many metals and alloys but 
this can be prevented in the case of steels by the introduction of molybdenum 
or tungsten into the alloy.’° In concentrated hydriodic acid, cobalt ions give 
a bright green coloration and nickel ions a blood-red coloration. The absorp- 
tion spectra of both solutions have been studied, and it is suggested that the 
intense colours are due to complex compounds of the type MI,H.”* 

Many sparingly soluble compounds are more soluble in hydriodic acid 
solutions than in hydrochloric or hydrobromic acid solutions of similar 
strength.’* In the case of the alkaline earth sulphates, lead sulphate and 
chromium sulphate, some of the sulphate is reduced to hydrogen sulphide and 
iodine is liberated.”* Stannic oxide dissolves readily in boiling hydriodic 
acid, the tetra-iodide being formed: SnO, + 4HI = Snl, + 2H,O.” 

Nitrogen iodide reacts with excess of aqueous pdnodic acid to form 
ammonium iodide and hydrogen tri-iodide: 2NH,NI, + 5HI = 2NH,I + HI,. The 
reaction is quantitative and has a heat of reaction at 19°C., AH, equal to 
— =58-0 + 1-3 kg.-cal.mole™, from which the heat of formation of ammonium 
iodide from its elements at 19°C, is calculated to be -35 kg.-cal.mole™*.”* 

A mixture of phosphorus and hydrogen iodide is a powerful reducing agent. 
Phosphonium iodide is formed in the reaction and is the actual reducing 
agent. Since its oxidation products include hydriodic acid, it appears that 
this acid functions merely as a catalyst in what is essentially a reduction 
by elementary phosphorus.” 

Hydrogen iodide is strongly adsorbed on glass surfaces.”’ Its adsorption 
on silica gel has been measured over the temperature range -45°C, to +60°C 
and found to be approximately the same as for hydrochloric and oe el vonie 
acids.”® Hydrogen iodide is adsorbed on silver iodide.”? The theory of 
adsorption of hydrogen iodide molecules on graphite has been discussed i in 
terms of the Brunauer~Emmett=Teller multilayer adsorption theory.*° 
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SECTION XXXV 
THE OXIDES AND OXyY-ACIDS OF JODINE. 
By G.J. HILLS 


HYPOIODOUS ACID AND THE HYPOIODITES 


The addition of iodine to aqueous alkali hydroxide solutions remains the 
principal method of preparing alkali hypoiodites, and from these other metallic 
hypoiodites or solutions of the free acid can be obtained (Mellor, II, 267-280) 
Hypoiodous acid can also be prepared by adding iodine to an aqueous solution 
of silver acetate; I, +H,O + AgOAc = HOI + AcOH + Agl. The precipitation 
of the silver iodide effectively completes the hydrolysis of the iodine.’ 

Hypoiodous acid solutions are unstable and decompose forming hydriodic 
acid and oxygen; 2HOI = 2HI+0O,. Since the reaction, HOI + HI = H,O +1, 
is reversible and since hydriodic acid is in any case readily oxideeee by 
atmospheric oxygen, solutions of hypoiodous acid always contain free iodine. 
The decomposition of hypoiodous acid has been shown to be of second order 
with respect to its concentration and, in the presence of silver salts at least, 
to involve the possible formation of iodous acid, HIO,774 


AgOAc + 2HOI -—> HIO, + Agi + HOAc; 
HIO, -—> HI+O0,. 
The decomposition is accelerated by the presence of charcoal.’ 

In alkaline solution the decomposition is that of the hypoiodite ion, three 
such ions interacting to form an iodate ion;#* 301° -» 103+ 2I*. The rate 
of this transformation has been measured, the concentration of hypoiodite 
being determined at various time intervals using its rapid reaction with phenol 
and tyrosine® or with hydrazine sulphate and hydrogen peroxide. * In strongly 
alkaline solutions at 25°C., the rate is given by*® 


-dlor|/de = 2-9for? + 104for'’. Ir 1/L0H"). 

Hypoiodous acid is a very weak acid,°® its dissociation constant at 20°C., 
determined analytically,’ being 4:5 x 107? gi ions litre™*, In organic prepara- 
tive work it is frequently used as an oxidizing agent®-°> and also as an iodina- 
ting agent.*%° 


IODINE TRIOXIDE AND IODOUS ACID 


Although disiodine dioxide, 1,0,, has been thought to be an intermediate 
in the oxidation of iodine,” iodine trioxide, I,0,, is the lowest oxidation 
state of iodine the existence of which is known with certainty (Mellor, II, 
285). Iodine trioxide is not known in the free state but it can be isolated as 
the yellow sulphate, 1,0,,S0,. This can be prepared by shaking together 2 
moles of iodine and 3 moles of iodine pentoxide in cold concentrated sulphuric 
acid. The sulphate is insoluble and the yield is quantitative: 


21, + 31,0, + 5H,SO, —> 51,0,,SO0, + 5H,0. 
It can also be Broome ne prolonees heating of a colton of iodine pentoxide 
or iodic acid in fuming sulphuric acid:*”"** 


1,0. + HSOy. "10450, sO 
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Attempts to repeat Chrétien’s oes of the hemihydrate, I,0,,SO,,’4H,O, 
have not been successful,*?**#5 but from oleum solution a white crystalline 
material having the formula 1,0,,4SO,,H,O is obtained.** 

The acid corresponding to iodine trioxide, iodous acid, HIO,, has not 
been isolated. It has been suggested that a solution of iodous acid is formed 
by adding silver nitrate to a solution of iodine in aqueous potassium iodide. 
After standing, the solution is filtered from precipitated silver iodide and, it 
is claimed, contains an appreciable concentration of iodous acid.*® The 
silver salt of this acid, AglO,, has been characterized and its standard 
entropy determined as 34*2 + 0°8 g.-cal.deg:*mole™*.*” 


IODINE TETROXIDE 


Partington and Bahl have re-examined much of the earlier work on the 
preparation of this oxide.*5 They found that it is not formed by the action of 
concentrated nitric acid on iodine although it may well be an intermediate in 
this reaction.*® The Muir=Millon method of preparation was employed (Mellor, 
II, 291) and yellow granular iodine tetroxide was obtained in this way. This 
compound is not hygroscopic and is only slightly soluble in cold water. It 
dissolves in hot water forming iodic acid and iodine. With hydrochloric acid, 
chlorine is evolved and iodine monochloride is formed: 1,0, + 8HCl = 2ICI + 
SC 4,0. 
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THE PREPARATION OF IODINE PENTOXIDE 


The thermal dehydration of iodic acid remains the most satisfactory 
method of preparing iodine pentoxide. At 70°C., the hydrate 31,0,,H,O is 
readily formed but the temperature must be raised to 200°C. before further 
loss of water occurs and complete dehydration takes place. Above 275°C. 
iodine pentoxide itself decomposes into iodine and oxygen.’** Since the 
synthesis of iodine pentoxide is one method of determining the atomic weight 
of iodine, the factors affecting the purity and stoicheiometry of the oxide have 
been investigated in some detail.®*° Very pure iodine pentoxide is prepared 
by first oxidizing pure iodine to potassium iodate with recrystallized potas- 
Sium permanganate. Barium iodate is then precipitated and converted into 
iodic acid by treatment with sulphuric acid. The iodic acid is repeatedly 
crystallized in platinum apparatus and traces of barium sulphate are removed 
by filtration through platinum sponge. The final crop of crystalline iodic 
acid, which is almost odourless, is then placed in a platinum boat and de- 
hydrated in a stream of pure air at 200°C, 

Iodine pentoxide can also be prepared by the photo-oxidation of several 
organic iodo-compounds such as methylene iodide, todoform and carbon tetra- 
iodide. Using ultra-violet irradiation, a high yield is obtained from methylene 
iodide and it is suggested that the oxidation has the following mechanism: 
CH,I, + O, — CH,I,0,; CH,I,0, -— HCHO +1,0; 1,0 + 20, ~— 1,0,.* 


THE PROPERTIES OF IODINE PENTOXIDE 


Iodine pentoxide is a white crystalline compound of density 5-1 + 0+-1,4%° 


The most recent value for its standard free energy of formation is -42-34 
kg.-cal.mole™ at 25°C.” 

Iodine pentoxide reacts with water and two hydrates are known: I,0,,H,0O, 
corresponding to iodic acid, and 31,0;,H,0. The corresponding heats of 
hydration are 2096 and 1159 ke. -cal.mole™ respectively. The existence of 
21,0;,1,0 has not been confirmed.’ 31,0,,H,O can be recrystallized from 60% 
nitric acid? and forms colourless, holohedral, monoclinic crystals the unit 
cell of which has a:b:c ratios of 0-901:1:0-891 and B = 112°53’. Its density 
is 4+734.° Iodine pentoxide dissolves in dilute mineral acids, forming iodic 
acid, but the solubility steadily decreases with increasing Cone cn a ane of 
the solvent acid.**** 

Iodine pentoxide reacts with nitric oxide at 120°C. to form iodine and 
dinitrogen pentoxide: 1ONO + 31,0, — 31, + 5N,0,.*5 The amide of iodic 
acid can be prepared by adding iodine pentoxide to a solution of sodamide in 
liquid ammonia: NaNH, + 1,0; = Na(NH,1L0,). By adding dilute sulphuric 
acid to this sodium salt the free amidosiodic acid is produced, but this de- 
composes quite rapidly to iodic acid and ammonia.**® 

Iodine pentoxide dissolves in liquid hydrofluoric acid but does not react 
with it. If this solution is evaporated, unstable solvates of the type I,0,,xHF 
are obtained, but they rapidly regenerate the iodine pentoxide.*”? Bromine 
trifluoride, however, readily reacts with iodine pentoxide; oxygen is evolved 
and bromine and iodine trifluoride are formed: 21,0, + 4BrF, = 50, + 2Br, + 
AT SE Phos 

Iodine pentoxide is one of the few compounds that react with carbon 
monoxide. The reaction, 1,0, + 5CO = 5CO, +1, is quantitative and is used 
to determine carbon onesie in the atmosphere and in other gaseous sys- 
tems.'*"** The temperature at which the determination is carried out is not 
critical but the gas containing carbon monoxide must be passed very slowly 
over the solid iodine pentoxide.”* Methane, chlorine, carbon tetrachloride, 
phosgene, sulphur dioxide and nitrogen peroxide do not interfere.™* 
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THE PREPARATION OF IODIC ACID 


The oxidation of iodine with fuming nitric acid remains the most convenient 
way of preparing very pure iodic acid. Pure anhydrous iodic acid crystallizes 
from dilute or semi-concentrated nitric acid (5N.) but from stronger acid the 
compound 31,0,,H,O separates.” (See page 849 and Mellor, II, 293-4) 

The oxidation of aqueous iodine solutions by chlorates** and bromates* 
has been further investigated. The reaction is accelerated by the presence of 
hydrochloric acid or hydrobromic acid, the liberated chlorine or bromine being 
very effective in oxidizing the iodine, probably through the intermediate 
formation of the corresponding iodine monohalide.** Iodic acid is also 
formed by the anodic oxidation at a platinum electrode of iodine dissolved in 
hydrochloric acid.© The formation of iodate from alkali hypoiodite solutions 
has been further discussed,’ the rate equation being that given on page 870, 

Iodine in aqueous suspension is oxidized to iodic acid by silver nitrate. 
The hydrolysis of the iodine to hydriodic acid and hypoiodous acid is com-, 
pleted by the precipitation of the iodide: AgNO, + I, + H,O — Agl + HOI + 
HNO,. The hypoiodous acid then undergoes auto-oxidation to iodic acid and 
hydriodic acid, and this reaction appears to be catalyzed by silver ions.® A 
description of commercial iodic acid and the probable extent of impurities has 
been given in the form of a monograph.? 
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THE PHYSICAL PROPERTIES OF IODIC ACID 
AND TRE IODATES GENERALLY 


Relatively few physical properties of solid iodic acid have been studied, 
The crystal structure of the normal a-modification has been shown to be 
orthorhombic with 4 molecules of HIO, in the unit cell,’ the dimensions of 
which in Angstrom units are given by:? 


Ber 5.520 4 0<005; 
5°855 + 0-005, 
7°715 + 0-005. 
The space group is D*¢ — P 


eo & 
(=) 
Il | 


Il 


Co 


24242,° 

The structure is an aggregate of iodic acid molecules held together by hydro- 
gen bonds and weak I-O bonds.”* In studying the X-ray absorption of iodic 
acid, some reduction of the acid was observed.* Its molar volume at 0°K. 
has been calculated to be 36-1 c.c.° Bridgman has measured the compres- 
sibility of single crystals of iodic acid,® and the change in relative volume 
with applied pressure is shown in Table I. 


TABLE I.- COMPRESSIBILITY OF IODIC ACID 


Pressure | Relative Pressure | Relative 
kg.cm™? Volume |} ke ems. Volume 


1.00000 0-94382 
0-98900 0-9 2942 
0-97880 0.91534 
10000 ! 0-960 70 0-90482 


! ! j 

Crystalline iodic acid rotates the plane of polarized light, and for the wave- 
lengths 5790, 5460 and 4360 A., the specific rotatory power in degrees.mm;* 
is 50-5, 58-7 and 74-5 respectively.” Iodic acid has also been shown to be 
piezo-electric.® The molar diamagnetic susceptibility of the iodate ion has 
been measured.**° The most recent values for the ion in the solid state and 
in solution are -47-3 x 107° and -41-4 x 10° c.g.s. units respectively.*° A 
method for computing the entropy of iodic acid has been proposed.” 

Iodic acid is readily soluble in water. It is not completely ionized at 
finite concentrations and several values for the dissociation constant of iodic 
acid in aqueous solution have been recorded:'7"!*0°26 mole litre™* was obtained 
by a freezing point method,** 0-19 from conductivity measurements** and 
0-164 from potentiometric measurements.** The most recent value, 0-1668 + 
0-0005 mole litre’, was obtained by an optical method using a-dinitrophenol 
as indicator.** The degree of dissociation decreases with increasing tem- 
perature.*? There also seems little doubt that the undissociated iodic acid 
molecules polymerize in solution and that a quasiecrystalline structure is 
present even at low concentrations:'*-?? HIO, and [HIO,], are probably the 
predominant species,*%** although the existence of [HIO,], in concentrated 
solutions has been reported.” A study of various properties of iodic acid 
solutions as a function of concentration indicates that changes in the con- 
stitution of the solution occur at 0-1N. and 0-04N., corresponding, it is 
suggested, to the change from the trimeric form to the dimeric form and from 
the dimeric form to the monomeric form respectively.7*”? The iodate ion is 
also thought to exist in solution partially in the dimeric form, I,0,7".”* 

The density, surface tension, viscosity and electrical conductivity of 
aqueous iodic acid solutions at 20° and 30°C. over a wide concentration 
range have been determined,*”**”* and some of the results for 30°C. are 


Y 
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given in Table II. 
TABLE II. - DENSITY, SURFACE TENSION, VISCOSITY AND 
EQUIVALENT CONDUCTIVITY OF AQUEOUS SOLUTIONS OF IODIC ACID. 


Surface Viscosity, Equivalent 
tension, poise. conductiv- 
dyne cm? tity 


Density, 
relative 
to water 


Concentra- 
tion mole 
litre™*, 


The refractive index, parachor, 


at 30°C; 


1.00 152 
1-00310 
1.00610 
1.00750" 


1.01515 
1-02990 
1.05940 
1.08950 
1.11815 
1.14720 
1.29115 
17128" 


(* these values are in g. c.c7) 


71-355 
70-772 
71.210 
71.060 
71-489 
71-540 
71-990 
72-009 
72-609 
72+279 


0-0080473 
80177 
80 599 
82073 
83631 
87188 
90708 
94426 
98422 
0-0125175 


388.6 
366. 25 
342.0 
333.9 
296-25 
259-8 
215-66 
192.6 
175-5 
1628 
122.83 


rheochor,*® Raman spectrum 


20-22 


and ultra- 


violet absorption spectrum of iodic acid solutions have also been studied, and 
the results from some of these studies are shown in Table III. 


TABLE II. - REFRACTIVE INDEX, PARACHOR AND 
RHEOCHOR OF AQUEOUS SOLUTIONS OF IODIC ACID. 


Co ne entration 
mole litrez? 


1.331754 
1-33 2062 
1-332370 
1.333070 
16334163 
1-336454 
1-340966 
1.3456 10 
1.350004 


16354573 


520315 
5 2-380 


52-890 
52-435 
52°575 
52°745 
529 13 
53-165 


9.85 13 
9-8483 
9-9366 
9-9160 
9.9930 
10-065 
10-141 
10.221 


From the density and refractive index data, the polarizability of the iodate 
ion was found to be 6-185 x 10°7* cm.°, from which the radius of the solvated 
iodate ion was calculated tobe 2°12A.* On the assumption that the ammonium 
ion and the chloride ion have the same hydrated volume, the apparent molar 
volume of iodate ion in solution has been evaluated as 25+1c.c. g.-equiva- 
lent™, which leads to the value for the ionic radius of 2+13 A.?” The ionic 
radius obtained from the heat of hydration is 1-82 A.** The specific heat 
capacities at constant pressure of iodic acid solutions have been determined 
at 25°C.*: and these, with the corresponding partial molal heat capacity of 
iodic acid, Cp, are given in Table IV. (See page 877). 

From the t aeolute entropy of potassium iodate, the entropy of the iodate 
ion in 1M, solution at25°C. is calculated to be 29-6 + 1-0 g.-cal. mole"'degree™. a: 
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TABLE IV.- SPECIFIC HEAT AND PARTIAL MOLAL HEAT CAPACITY 
OF AQUEOUS SOLUTIONS OF POTASSIUM IODATE 


Molality of KIO;.] Specific heat, 


0.99780 
0.99677 
0.99629 
0.99629 
0.99952 
1-0 1231 
1.04663 
1.083812 


Several determinations have been made of the diamagnetic susceptibility | 
of aqueous solutions of iodic acid and iodates.**"** Values of X jo, = ~52+2,3* 
-51°4** and -46-80** e.s.u. have been obtained, the last being the most recent. 

The electrical conductivity of iodic acid and iodates has been studied by 
several workers.***®*° The most recent value‘? for the limiting equivalent 
conductance of the iodate ion at 25°C. is 40-75 ohm™*cm.*mole™*> which was 
obtained by extrapolating careful measurements of the conductivity of potas- 
sium iodate solutions at low concentrations using Owen’s method.** Using 
_ the accepted value for the limiting ionic conductance of the hydrogen ion“ the 
limiting equivalent conductance of iodic acid at 25°C. is therefore 390°6 ohm™ 
cm.*mole™*. The conductivity of iodic acid in anhydrous methanol and 
ethanol has also been measured. lIodic acid is a very weak acid in these 
solvents, its dissociation constant in methanol being only 10°° g.-equivalent 
licre>”. 7 

Both the silver=-silver iodate and the mercury=mercurous iodate electrodes 
are highly reproducible in neutral iodate solutions but not in iodic acid solu- 
tions where chemical oxidation of both metals takes place. Measured against 
a standard calomel halfecell, the standard potential of the silver-silver iodate 
electrode on the hydrogen scale has been found to be 03569 v.*® and, more 
recently, 0-3578V.*” The solubility product of silver iodate at 25°C. has been 
determined independently as 3-055 x 10°° g, equivalent? litre™* and this, com- 
bined with the standard potential of the silver=-silver ion electrode, gives a 
value of 0°3551V. for the silver-silver iodate electrode.** From measurements 
of the solubility of silver iodate in nitric acid solutions, the thermodynamic 
dissociation constant of iodic acid is calculated to be 0-164 g.-equivalent 
litre™*.** The standard potential of the mercury-mercurous iodate electrode at 
25°C. was found to be 0-3942V., from which the solubility product of mer- 
curous iodate is calculated as 1:94 x 10° g, equivalent® litre-*.** Using both 
electrodes, the activity coefficients of iodates have been studied.**** The 
standard iodine=iodate oxidation=-reduction potential at 25°C. measured at a 
platinized platinum electrode is + 1-195 + 0-002 V. From this, the calculated 
standard free energy of formation of the iodate ion, AGi98 160K , is —32,251 
geecal.g.ion™ and the standard heat of formation, AM9o.,16°K.» 754,966 g.-cal. 
g.eion™.*° No exchange of the iodine between iodide and iodate ions has been 
detected®® but it has been claimed that exchange between molecular iodine and 
iodate ions does occur.” The distribution of iodate ions across a ‘perm- 
selective’ membrane (i.e.,a membrane selective in its permeability to ions) 
has also been studied. 

The reduction of iodate ions at a dropping-mercury electrode has been 
shown to be irreversible.®* The half-wave potential is very sensitive to the 
nature of the supporting electrolyte and for a 0°001N. solution of iodate in 
0-1N. solutions of various electrolytes has the following values: with univalent 
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cations -1°09V., with bivalent cations -0°84V. and with trivalent cations 
-0°40V. In acid solution, a value of +0+13V. is obtained.®* In 0-5 M-sodium 
fluoride solution, the half-wave potential of the iodate ions is dependent on 
the pH of the solution, At pH 4-6 or lower, a single half-wave potential of 
-0°6V. is obtained but at pH 5°8 and above, a single wave occurs at ~1°30V. 
At intermediate pH values, both waves are present, their intensity varying 
with the pH.°** A number of equations have been proposed connecting the 
current density and the potential of the dropping-mercury electrode with the 
concentration of iodate ions and it has been suggested that the reducible 
entities are ion pairs of the type Na,JO*, CalO+ etc.5® The diffusion coef- 
ficient for the iodate ion has been determined®’ as 1-05 x 107° cm.*sec:* which 
is in good agreement with the value calculated on the basis of Davtyan’s 
equation. *® , 

The solubility of iodic acid in nitric acid solutions of varying concentra- 
tions at 25°C, has been determined® and is illustrated in Table V. 


TABLE V.- SOLUBILITY OF IODIC ACID IN AQUEOUS NITRIC ACID 


The viscosities of these solutions pass through a minimum which indicates 
the possible formation of the additive compound 3HNO,,HIO,.% Investigations 
of the solubility relations of the system iodic acid=potassium iodate-water 
have been extended to cover the temperature range 0=50°C, The results 
indicate that potassium bi-iodate can be recrystallized from aqueous solution 
although care should be exercised in drying it. Thermal dehydration readily 
occurs and at 105°C, it is slow but complete. Recrystallized potassium 
bieiodate is best washed with alcohol and air-dried.™ | 

The adsorption of iodate ions on charcoal is in accord with the Freundlich 
equation, n being equal to unity.®* The relative adsorption of iodate, bromate 
and nitrate ions on aluminium, chromium® and vanadium hydroxide®™ precipi- 
tates has also been studied. / 
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THE CHEMICAL PROPERTIES OF IODIC ACID 
AND THE IODATES GENERALLY 


Iodates are stable at room temperatures but lose oxygen on heating. The 
thermal decomposition of added potassium iodate in various baking processes 
has been investigated using radioactive iodine, ***I; under ordinary baking © 
conditions, there was complete decomposition but no loss of iodine.* Potas- 
sium iodate is also decomposed when subjected to an electrodeless discharge, 
and in this case free iodine is produced, together with some potassium iodide ~ 
and oxygen.” In neutral aqueous solution potassium iodate is quantitatively 
reduced to potassium iodide by hydrogen in the presence of active platinum.‘ 

The well known reaction between iodic acid and hydriodic acid has been 
shown® to be instantaneous and quantitative even at 0°C.: IO; + 5” + GHt > 
31, + 3H,O. A potentiometric study of this reaction has hadicaied that, to 
maintain the necessary low pH value, the use of sulphuric acid rather than 
hydrochloric acid is to be preferred in order to avoid the possible formation 
of iodine monochloride.® Activated charcoal has been shown to inhibit the 
reaction owing, it is suggested, to preferential adsorption of significant 
quantities of hydriodic acid.” Iodate and bromide ions in acid solution do 
not react appreciably at room temperature and the equilibrium constant of the 
reaction: 

210; + 10Br7 + 12H* = I, +5Br, + 6H,O, 


at 25°C. is* only 1-6x10°*% The mechanism of this reaction,® of the correspond- 
ing reaction involving chloride ions® and also of the normal iodide=iodate 
reaction’® has been discussed. Iodic acid is oxidized by fluorine to periodic 
acid although there is some simultaneous reduction of this product by hydro- 
gen peroxide, also produced in the reaction. 44 In acid solution iodates also 
are tapidly reduced by hydrogen peroxide.** 

Further study has been made of the reaction between iodic acid and sul- 
phurous acid, i.e., Landolt’s reaction.**"** The three consecutive reactions: 


(i) 10;+3S03- + I +3805", 
(iy SL lO) Oe see 
(iii) 31, + 38037 +3H,O —> 6I + 6H* + 380%", 


which give rise to the periodic appearance and disappearance of iodine, have 
been studied separately and the effect of added salts noted.?”?* Both chloride © 
and bromide ions accelerate the overall reaction’*** and step (ii) is certainly 
catalyzed by thiosulphates.*?” Numerous equations connecting the reaction 
velocity with the concentrations of sulphite and iodate have been proposed 
but no simple analysis of the kinetics of this reaction has yet emerged. The 
overall reaction has been shown to be faster in heavy water, D,O, than in 
ordinary water.”® 
In acid solution, iodates are reduced by thiosulphates:?”** 


JO; 4GH 468,057. ee eteeS10 ea 


This reaction is quantitative and is a useful method of standardizing dilute 
acids by using them to titrate a known weight of potassium iodate in the 
presence of excess of sodium thiosulphate, using an ordinary acid=base 
indicator to detect the first excess of acid. At low hydrogen ion concen- 
trations, the reaction rate is given by 


-dx/dt = k103\[s,07 THT? 


where k, the velocity constant, is equal to 3 x 10*° at room temperatures. *? 
Mixtures of sulphur and solid iodates do not ignite when treated with concen- 
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trated sulphuric acid.** Carbon monoxide is quantitatively oxidized by a 
solution of iodic acid in aqueous sulphuric acid.™ 
Iodic acid oxidizes nitrous acid to nitric acid: 


BNOM don Ve SNO le 3H ©: 
The reaction velocity is given by the equation: 
~dx/dt.= {k, + k,[10;](H*1}{[10;] [HNO,]}, 


from which it is concluded that undissociated nitrous acid and not nitrite 
ion is the reducing species in this reaction.*® Hypophosphites are also 
oxidized in acid solution giving phosphorous acid:**** 


IO; + 3H,PO, — I° + 3H,PO,. 


There is an induction period to this reaction*” and the study of its rate is 
further complicated by the ensuing reaction between the iodide ions produced 
and more iodate. This difficulty can be minimized by adding silver chloride, 
which reduces the iodide concentration, and also by adding propanol, which 
inhibits the iodate=iodide reaction. Under these conditions, the rate of 
oxidation of hypophosphorous acid is given by: 


k {H*][H,PO,] 
ie k{H*] he; [105 ] 


where the values of the constants at 30°C. are: k, = 9-7 moles“*litre hour” 
and k,/k, = 0-44.** In neutral or alkaline solution there is no reaction be- 
tween iodates and hypophosphites.*® With excess of iodic acid, phosphorous 
acid is further oxidized to phosphoric acid.*® The reaction is slow at room 
temperatures and there is a considerable induction period which is increased 
by adding propanol.*® In aqueous sulphuric acid solution elementary phos- 
phorus is oxidized by iodates to phosphoric acid. To complete the oxidation 
the sulphuric acid must be at least 0°25N. and the solution should be re- 
fluxed for 3 hours. 

Thiocyanates are quantitatively oxidized by acid iodate solutions. In 
hydrochloric acid solution, the reaction is 


2SCN” + 3103 + 2Ht + Cl” — 2803" + 2ICN + ICL + H,0. 
In determining thiocyanates by titration with iodate, the acid concentration 
should be not less than 1N. and the thiocyanate concentration not less than 
0-0001 N.*? 

Arsenious acid is oxidized by iodic acid to arsenic acid. The rate of 
reaction was found to be independent of the arsenious acid concentration and 
it was suggested that the rate-determining step in this reaction is the produc- 
tion of hypoiodite ions by a small, catalytic quantity of iodide ions: 


IO; + 27 + Ht > HIO + 210°. 
43 


The hypoiodite ion is considered to be the effective oxidizing entity.* Oxalic 
acid is oxidized by iodic acid according to the equation: 


5(COOH), +2HIO, = 10CO, +1, +6H,0. 


The kinetics of this reaction have also been investigated.** Selenium di- 
chloride is oxidized by iodic acid to selenium dioxide.** 

Quinquevalent molybdenum is oxidized quantitatively by iodic acid. In 
4Nehydrochloric acid solution, this reaction is a convenient way of determin- 
ing molybdenum.*® In hot alkaline solution, iodates oxidize vanadyl salts 
to the hexavalent state:*” 


6VOSO, + KIO, + 18KOH > GKVO, + GK,SO, + KI + 9H,0. 


~d[I0j] /dt = 
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Under the same conditions, iodates are themselves oxidized to periodates by 
potassium permanganate. lIodates are reduced by magnesium amalgam to the 
corresponding iodides.* 

Iodates are detectable by virtue of their oxidizing properties. Leucofluor- 
escein reagent, prepared by dissolving 20mg. of fluorescein in 10 ml. of 5% 
caustic soda solution and decolourizing it with 2ml. of 5% sodium amalgam, 
is stable for 24 hours but its colour is immediately restored by iodate ions. 
Iodate concentrations of 1 part in 700,000 are detectable in this way. The 
analytical applications of iodic acid and its salts have been recently re- 
viewed.™ 
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TEE PREPARATION AND PROPERTIES OF THE METAL IODATES 


Alkali metal iodides can be oxidized directly to iodates by oxygen at pres- 
sures of 100 atmospheres and above.**"** The oxidation can be carried out 
in aqueous solution at temperatures up to 500°C, and in the molten state up 
to 630°C,*> The reaction in both cases is facilitated by the presence of 
alkali hydroxides and also of catalytic oxides such as those of bismuth and 
aluminium.*#”° 

Lithium todate crystallizes with a hexagonal close-packed structure. The 
unit cell contains 2 molecules and has the dimensions a =_5-469 + 0-003 A. 
and c = 5-155 + 0-005A, The Li=O and O=I distances are both 2-23 A.?# 
The density of lithium iodate at 32°C. is 4-502 g, perc. ct Lithium iodate is 
very soluble in water and the electrical conductivity* and viscosity* of aqueous 
solutions have been studied. The molar magnetic susceptibility, Xm, of 
lithium iodate in aqueous solution was found’ to be ~46-7 x 10°$c.g.s. units. 
The Faraday effect of aqueous lithium iodate solution was determined at 0°C, 
using light of wavelength 5460 A. and the relative molecular magnetic rotation 
was found to be 10+22, the contribution of the iodate ion being 10°12.%” Lith- 
ium iodate is only slightly soluble in acetone.*® 

Sodium and potassium iodates may be prepared by oxidation of the cor- 
responding iodide.’ Anhydrous sodium iodate crystallizes from water, forming 
orthorhombic crystals with the space group V},3*—- Pbnm. There are 4 mole- 
cules in the unit cell which has the dimensions a = 5-75 A., b = 6-37 A., and 

= 8-10 A.*°!?, The structure contains distinct pyramidal IO, groups*™’? in 
which the I-O distance is 2°06 A,; the Na=-I distance is 348A. The 
density of sodium iodate at 32°C. is 3.621 g.perc.c.?° The compressibility . 
of sodium iodate, potassium iodate and ammonium iodate for pressures up to 
25,000 kg.cm?* has been measured** and the relative change in volume with 
applied pressure is shown in Table VI. 


TABLE VI.- COMPRESSIBILITY OF SODIUM, 
POTASSIUM AND AMMONIUM IODATES 


Pressure 
kg.em7? 


0.0068 0.0068 
0-0 165 0.0161 
0.0312 0.0298 
0-0444 0.0417 
0.0546 0.0522 
0-0675 0.0619 


The standard entropy of crystalline sodium iodate, Sos.1°K,.» has been calcu- 
lated to be 32-3 + 1-0 g.-cal.mole“*deg-* ** 

The earlier measurements of the solubility of sodium iodate in water have 
been confirmed and extended*®"*” and some recent results are shown in Table 


VII. 
TABLE VII.- SOLUBILITY OF SODIUM IODATE IN WATER 


15 19.85 30 35 
5-86 7°83 e 9.63 10.58 


70 - 80 
19.0 21-0 
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Only two hydrates of sodium iodate have been confirmed. Up to 19-85°C, the 
saturated solution is in equilibrium with the pentahydrate, NaIO,,5H,O; from 
19-85 to 73-4°C. NalO,,H,O is the stable hydrate, and above this temperature 
anhydrous sodium iodate crystallizes from solution.**"*” The solubility, S, 
in wt. per cent., of the monohydrate from 20°C, to 50°C. can be represented*® 
by the equation: : 

ee Re Prey abe hc 


and that of the pentahydrate from 0°C, to 15°C. by 


log $= 7.7793 — 20% 

The freezing point of a saturated aqueous solution of sodium iodate is*®*® 
~0-35°C, The differential and integral heats of dilution of aqueous sodium 
iodate solutions at concentrations less than 0-1N, have been determined 
calorimetrically at 25°C, and are in agreement with the values predicted from 
the corresponding activity coefficients.*® Volume contractions on dissolving 
1 mole of NalO, in water were found to be 20-86, 15-54 and 3-50 c.c. for 1,5 
and 10% w/v solutions respectively.2” The compressibility of sodium iodate 
and potassium iodate solutions has been calculated from the velocity of ultra- 
sonic sound in these solutions.** The equivalent conductances of sodium 
and potassium iodates in dilute solution at 18°C. have been measured ac- 
curately?? and some results are shown in Table VIII. 


TABLE VIIL- EQUIVALENT CONDUCTANCE OF 
DILUTE AQUEOUS SOLUTIONS OF SODIUM AND POTASSIUM IODATES 


Concentration | 
KIO, 96-70 96.02 93.18 91-22 88-62 
These data are in complete agreement with the extended Onsager=Shedlovsky 
equation and lead to limiting equivalent conductance values, Aj, for sodium 
and potassium iodate of 77°32 and 98-33 ohm™*cm.’mole™ respectively.” 
Sodium iodate is insoluble in ethylenediamine.” 

The solubility of sodium iodate in various aqueous salt solutions has been 


determined as part of the investigation of ternary systems including sodium 
iodate and water. In the system, NalO,-Nal-E,0, three double salts are 


24,25 
Lane 2Nal0,,3Nal,20H,0, 
2NalO., 3Nal,15H,O, 
2Nal0O.,3Nal, 10H,0, 


In the system, NalO,-NaBr-H,0, the double salts 


2Nal0,,3NaEr,15H,0, 
2Nal0,,3NaBr,10H,O 


Ae. isolated, the former existing from 5° to 40°C. and the latter from 40° to 
50°C.*© The double salts 


2Nal0O,,3NaCl,3H,O, 7” 
,2Ne10.,.3NaNQ,(15H.0, 767 
NalO,,3Na,SO,, and — 
NalO,,4Na,SO, 7° 


have also been detected. No compound formation has been observed in the 
corresponding ternary systems: 
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NalO,~NaClO,-H,0, ee 
NalIO,-KIO,=-H,O, 72 
NalO,-Mg(IO,),-H,O, - 
NalO,=-Ca(IO,),-H,O, As 
NalO,-Na,CO,-H,0O, “2 
NalO,«Na,C,0,-H,O, = 
NaIO,=Na,MoO,-H,O. sy 


Below 37°C. sodium iodate monohydrate and potassium chloride can co-exist 
in solution but above this temperature only sodium chloride and potassium 
iodate can exist in equilibrium with each other and the saturated solution.*. 

Potassium iodate is rapidly formed when potassium iodide is fused with 
potassium chlorate, bromate or perchlorate. In each case there is a large 
evolution of oxygen and yields varying from 40 to 80% are obtained.** The 
purification of potassium iodate and its use as an analytical standard have 
been described in detail.**> Where sodium iodate is present as impurity, © 
recrystallization of the potassium salt from water increases its sodium con- 
tent.*°°© Potassium pyroiodate, KI,O,, has been prepared by heating the 
normal iodate with iodine pentoxide in a sealed tube at 170°C, for 60 hours. 
Its structure was examined by the X-ray powder technique and its melting 
point was found to be 316°C.*” 

Normal potassium iodate, KIO,, crystallizes in the monoclinic system 
with a caesium chloride type structure, the unit cell dimensions being 4-57, 
4-50 and 4-50A.*8438> Single crystals have been shown to be piezo-electric.*™ 
The compressibility of solid potassium iodate is recorded in Table VI. Its 
density has been measured at 32°C.?” and at temperatures from 15°C. to 
-273°C.,39> some results being shown in Table IX. 


TABLE IX.- DENSITY OF POTASSIUM IODATE 


‘Temperature, °C, | 15 =-78 -194 | =—273 
| Density, g.c.c.* | 3.990 4.025 | 4.068 4.085 


Its molar volume at absolute zero was calculated to be 52-4c.c.*° The 
cooling curve of potassium iodate shows a definite plateau at 150°C. which 
suggests an allotropic modification.*© 

The molal heat capacity of potassium iodate has been determined for the 
temperature range 17+30°K. to 298-1°K. and its entropy has been calcu- 


lated to be 36+20 g.-cal.deg’*mole*.** Some of the data on which this 
figure is based are given in Table X. 


TABLE X.- MOLAL HEAT CAPACITY OF POTASSIUM IODATE 


Temperature, °K. | 20.2) Ne 23.38 31-35 


i 
se becca 1.795 | 2451 | 4.488 


Temperature, °K. 64.36 | 81-96 | 10593 | 156.05 | 201.79 
Molal heat capacity, ; 
pecel.moletdeest | 130 | 1273 | 1625 |. 19.88 2229 


The dielectric constant of solid potassium iodate was found to be 16.-85,* 
Further determinations of the solubility of potassium iodate in water have 
been carried out.** The most recent values are shown in Table XI. Solu- 
bility determinations have also been extended to temperatures up to 450°C.“ 
Potassium iodate is less soluble in heavy water, D,O, the ratio of the solu- 
bilities in light and heavy water at 25°C. being 0+833.4° The volume con- 
traction on dissolving 1 mole of potassium iodate in an infinite volume of 
water at 25°C, has been estimated to be 2-4c.c.*° 
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TABLE XI. - SOLUBILITY OF POTASSIUM IODATE IN WATER 


6-684 74°78 8-343 
0.331 0.372 0-417 


Temperature, °C, 


Solubility, %W/W. 
Molality of the 
saturated solution. 
Specific gravity of 
the saturated solution. 


1.0584 1-0643 1.0708 


The activity coefficients of potassium iodate in aqueous solution have 
been studied cryoscopically*’ and the effect of ion-association in these solu- 
tions has been discussed.** The conductance of aqueous potassium iodate 
solutions at 25°C. has been measured over the concentration range 0+001 to 
0-1 molal.*°***. The most recent value for the limiting equivalent conductance 
is 114*27 ohm *cm.*mole™*, which leads to an ionic conductance of 40°75 for 
the iodate ion and to a value of 1:7 for the ion-pair dissociation constant.* 
The dielectric constant of aqueous potassium iodate solutions has been shown 
to increase linearly with concentration®*** and from these data the molar 
polarization of potassium iodate was calculated to be 302:9c.c. Its molar 
susceptibility in aqueous solution is -46.7 x 10°°c.g.s. units.®> The dif- 
fusion of potassium iodate at a boundary separating its solution and a solution 
of potassium chloride has been studied using the schlieren scanning-camera 
technique.** The diffusion of potassium iodate through a semi-permeable 
membrane of copper ferrocyanide has been investigated** as also has its 
adsorption on Cellophane®™ and pectin.*” 

The solubility of potassium iodate in other potassium salt solutions has 
been measured. No evidence of double salt formation was observed in the 
ternary systems of potassium iodate and water with potassium iodide,*® potas- 
sium bromide,® potassium chloride,*® potassium chlorate,”® potassium nitrate** 
or potassium sulphate.*° No hydrate of potassium iodate has been isolated. 
The solubility of potassium iodate in dioxan-water mixtures has been measured 
as part of an investigation of the hypothesis that the activity coefficient of a 
salt in any saturated solution is independent of the dielectric constant of the 
medium; good agreement with this theory was observed.* Potassium iodate 
is only slightly soluble in liquid ammonia,® and at 25°C. the molality of a 
saturated solution (under pressure) is®* 3-044 x 10°°. By measuring the in- 
crease in its solubility in ammonia that occurs on the addition of various 
soluble salts, a relation for the variation of activity coefficient with ionic 
strength was obtained and the mean activity coefficient in the saturated solu- 
tion was calculated to be 0°891.° Potassium iodate is also slightly soluble 
in liquid sulphur dioxide, **** appreciably soluble in liquid phosphorus oxy- 
chloride®™ but quite insoluble in ethylenediamine and monoethanolamine.”* 

Aqueous potassium iodate solutions are reduced by irradiation with X- 
rays®5° and with a=particles,™ the iodide being formed in each case. Solid 
potassium iodate is also reduced by hydrogen and by carbon monoxide.” 

Rubidium pyroiodate was prepared by heating the normal iodate with 
iodine pentoxide in a sealed tube at 170°C, for 60 hours. Its structure was 
investigated by the X-ray powder technique. It was found to melt at 340°C. 
with decomposition.*” X-Ray investigation has shown that normal rubidium 
iodate, RbIO;, has a perovskite structure with the a distance equal to 4°52 + 
0-02 4.37 Its density at 32°C. is 4-471 g. perc.c.?> 

Ammonium iodate has an orthorhombic structure similar to that of sodium 
iodate?? and not the perovskite structure suggested earlier.” Interpretation 
of the results of the X-ray studies is complicated by twinning, but the cell 
dimensions have been established as a = 6-41, b = 6-38 and c = 9-25 A.*? The 
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density of ammonium iodate is 3°42g. perc.c.2>. and its volume contraction 
under high pressures is tabulated above. Its molar magnetic susceptibility 
in aqueous solution is ~62°3 x 10 °c.g.s. units. 

Silver iodate, prepared by double decomposition of an alkali iodate and 
silver nitrate in aqueous solution, can be crystallized and purified by slow 
evaporation of an ammoniacal solution.®°”’° It can also be prepared by shak- 
ing a suspension of silver bromate in water with potassium iodate.”™ The 
preparation, of silver iodate, its microcrystalline structure and its solubility 
in water have been discussed.”° The unit cell has a = 7:24A., 6 =5-77A.,, 
ec = 15-13 A Comparison of observed and calculated densities indicates 
7°66 molecules per unit cell, and subperiodicity in the lattice or a faulty struc- 
ture is postulated. The space-group is Dif [—Pbcal.1*® Solid silver iodate 
can be heated to 410°C. without decomposition.” Its solubility in water 
at 75°C. has been determined and was found to be 0-000840 molal.”* The 
dependence of the solubility on ionic strength, varied by the addition of 
several electrolytes, is in accord with the Debye=Hlickel theory.”* Satu- 
rated solutions of silver iodate often contain a smaller concentration of 
silver ions than of iodate ions owing to exchange reactions with the glass 
container.”* The solubility of silver iodate and its mean activity coefficients 
in nitric acid and potassium nitrate solutions have been measured using a 
silver-silver iodate electrode?*#”> The standard potential of this electrode and 
the thermodynamic solubility product of silver iodate over the temperature 
range 10° to 35°C. were found to have the values given in Table XII.” 


TABLE XII.- STANDARD ELECTRODE POTENTIAL AND 
THERMODYNAMIC SOLUBILITY PRODUCT OF SILVER IODATE 


ap 35 | 
0.3625 | 0.3576 0.3498 


2-078 


The corresponding thermodynamic quantities, AG°, AS°, AH° and AC,°, for the 
reaction AglO, — Agt + IO} were also derived’® and are given in Tabte XII. 


TABLE XII.- THERMODYNAMIC. DATA FOR THE REACTION 


AglO, —> Ag* +10; 
10 


“values in g.-cal.molez! 


10,415 


20 10,300 
25 10,252 
30 10, 190 
35 10,142 


The stability of the monammine-silver ion, AgNHt, has been studied by 
measuring the solubility of silver iodate in dilute ammonia solutions, some 
values for which are shown in Table XIV. From these data, the instabi- 
_ lity constant of the monammine=silver ion was calculated as 43 x 10°* and 
that of the diammine=silver ion, Ag(NH,)3, as 6+2x107*.”° The solubility of sil- 
ver iodate in aqueous solutions of pyridine,” glycine, alanine,” and gelatin”® 
and in aqueous solutions of other metal ammoniates*®* has also been deter- 
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TABLE XIV .- SOLUBILITY OF SILVER IODATE IN AQUEOUS AMMONIA 


mined. The rhythmic precipitation of silver iodate on gelatin has been 
described.*°* The adsorption of radioactive elements on silver iodate has 
been measured and discussed in terms of the Verwey-Kruyt theory,**? a 
WW, value of -3lmv. being obtained.**” Silver iodate reacts with tellurium 
tetrabromide to form the di-iodate, Te(IO;),.* 

Blue cupric iodate monohydrate and white anhydrous cupric iodate have 
been described. From ammoniacal solution, the penta-, the tetra- and the 
di-ammoniates have been crystallized and characterized. The density of the 
monohydrate was found to be 4-83 and that of the penta-ammoniate 2-811. 
The solubility of cupric iodate in aqueous solutions of glycine, alanine and 
gelatin has been measured and the equilibrium constants for the interaction of 
the copper ion with the amino acids have been determined.*® 

The alkaline earth iodates can be prepared by passing chlorine into a 
boiling solution of the corresponding hydroxide in which iodine has been dis- 
solved. There is no periodate formation.®*” Calcium iodate, Ca(IO,),, occurs 
naturally as the mineral lautarite. Its crystal structure is cubic and is similar 
to that of potassium iodate.*® There are 4 molecules per unit cell, the con- 
Stante or which are @ = /-13A,,-bv= vl le38 A,, c =./-42 A, and-6 = 106°22’,* 
The two modifications of calcium iodate hexahydrate reported earlier (Mellor, 
II, 347) have since been shown to be identical. The structure is orthorhombic 
and the ratios of the cell constants a: b:c are 0-6465: 1:0-2768.% Anhydrous 
calcium iodate is stable up to 540°C.°* Its molar magnetic susceptibility is 
-101°4 x 10°°c.g.s.units.* The hexahydrate is decomposed bya silent electric 
discharge to calcium iodide.*” 

The solubility of calcium iodate in water at 25°C, is 3-301 g. of Ca(IO,), 
per 1000 g. of water,**””* the solid phase in equilibrium with the solution being 
the hexahydrate. Its solubility in several salt solutions, particularly those of 
other iodates, has also been determined.°*°°? These results together with those 
from electrical conductance studies” indicate that calcium iodate is not com- 
pletely dissociated in aqueous solution. From the variation of equivalent 
conductivity with concentration of calcium iodate, the dissociation constant of 
the ion-pair, CalOf, is calculated to be 0-13 g.-ion litre™ at 18°C.** The solu- 
bility and dissociation of calcium iodate in calcium and sodium lactate solu- 
tions,*** in dilute ammonia solutions,’°**® and in glycine,.alanine’®* and other 
amino-acid solutions'®* have been studied. A complex calcium aluminium 
iodate has been prepared by mixing an aqueous calcium iodate solution with 
sodium aluminate solution. It has the formula 5CaO,A1,0,;,Ca(IO,),,34H,O 
and separates in small needle-like crystals, an X-ray study of which suggests 
that it has the cell dimensions a = 11-15 A. and ¢ = 20-9 A,'% 

Anhydrous strontium iodate*® and strontium iodate hexahydrate"” have 
been characterized. The isothermal dehydration of the hexahydrate under 
reduced pressure has been observed with an electron microscope and it was 
seen that the essential macro-crystalline structure is retained even when all 
the water has been removed.'*? Anhydrous strontium iodate has been shown 
to be stable up to 750°C.'°* Its molar magnetic susceptibility is -108 x 10°° 
Cie suits,” 

Barium iodate is stable up to 720°C.*® and has a molar magnetic suscepti- 
bility of -122-5x10°°c.g.s. units.” Its solubility in water™”°? and in numerous 


Concentration of 
ammonia, molality x 10? 
Solubility of silver 

iodate, molality x 10‘ 
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salt solutions has been measured;*°*"*!° in water at 25°C. it is 0-812 milli- 
mole litre™’.°® Barium iodate is also incompletely dissociated in aqueous 
solution and the dissociation constant of the lon-pair, BalO,, is reported to be 
0-08 g.-ion litre™’.*°? The solubility of barium iodate in water-dioxan mixtures 
containing from 0 to 100% dioxan has been determined. The variation in 
solubility with changing dielectric constant was found not to be in accord with 
the Born equation.*™ , The solubility of barium iodate in ammonia,*° and in 
glycine and alanine*®* solutions has been measured. The distribution of 
radium ions between barium iodate crystals and a saturated aqueous solution 
of barium iodate has been investigated**? and is in good agreement with that 
predicted by Ratner’s theory.*** The solubility of radium iodate itself in 
water varies almost linearly from 0-305 millimole litre"* at 0°C. to 2-96 milli- 
moles litre™* at 100°C. The variation in solubility with the concentration of 
several added electrolytes has been investigated. ta | 
The solubility of magnesium iodate in water from the eutectic point, 

-0.36°C., to +90°C, has been determined,*** and some of these results are. 
shown in Table XV together with the corresponding density of the saturated 
solution. 


TABLE XV.- SOLUBILITY OF MAGNESIUM IODATE IN WATER 


Temperature Solubility | Density of saturated 
%o W/W Mg(10,), solution, g.c.c.7*. 


The saturated solution is in equilibrium with the decahydrate, Mg(IO,),,10H,0, 
below 13-3°C. and with the anhydrous salt above 57-5°C, The normal tetra- 
hydrate is very stable and may be dried over phosphorus pentoxide without 
loss of water."** No double salts were found in the ternary system Mg(IO,),- 
NalO,-H,O.*° 

The densities of several zinc iodates have been determined. The di- 
hydrate, 7n(IO3),,2H2O, was crystallized from a mixture of zinc nitrate solution 
and iodic acid solution; its density at 25°C, is 4-223, Anhydrous zinc iodate 
is obtained by heating the dihydrate to LOO°C. ‘for an hour; its density is 
5°063..°° its solubility in various water-dioxan mixtures has been investi- 
gated. A new ammoniate, Zn(IO,),,2NH,, has been prepared by heating the 
tetraeammoniate at 128°C, for 8 hours. It has a density at 25°C. of 3-583,1%6 
The solubility of cadmium iodate in various salt solutions has been invest- 
igated.’*7748 The preparation of mercurous iodate by adding iodic acid or 
sodium iodate to mercurous nitrate solution has been confirmed. A pure 
white product which is neither soluble in excess of iodate nor decomposed by 
boiling water is obtained in this way.*° At 14°C. its solubility in water is 
approx. 0-06 g. litres*.*?° Mercurous iodate is decomposed by ammonia solu- 
tion forming eventually amido-mercuric iodate, H,N-Hg-IO,.""° Mercuric iodate 
can also be prepared by simple double decomposition: {It is soluble in mineral 
acids and also in alkali halide solutions and should, therefore, not be pre- 
pared from halide-containing salts. Its micro-crystalline structure and its 
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use in analytical chemistry have been discussed.*™ 

Aluminium iodate is very soluble in water and is crystallized only with 
difficulty. Equimolecular quantities of aluminium nitrate and iodic acid are 
mixed in aqueous solution and the mixture is then evaporated in vacuo over 
sulphuric acid until a syrup is obtained. On standing, this syrup yields 
crystals of the hexahydrate Al(IO,),,6H,O. In the presence of excess of iodic 
acid, aluminium iodate-nitrate, Al(IO,),NO,,6H,O, has been obtained. It is 
suggested that the structure of both is that of a hexaquo complex cation.*?? 

Gallium iodate has been prepared by dissolving gallium metal in nitric 
acid and adding excess of iodic acid; the anhydrous salt, Ga(IO,),, precipi- 
tates. From neutral solution, using sodium iodate, a basic iodate, Ga(IO,),, 
2Ga(OH),, is obtained.7* Indium iodate, In(IO;),, on the other hand can be 
prepared in neutral or acid solution. From a mixture of indium sulphate and 
potassium iodate in aqueous solution, the white amorphous salt is precipitated 
and can be filtered, washed and dried in the usual way. It is sparingly soluble 
in water, 1 litre of water at 20°C. dissolving 0-53 g. It is more soluble in 
nitric acid, (1 litre of 30% aqueous HNO, dissolving 16-89 g.) and may be re- 
crystallized from this solution to give small white crystals.’ 

Thallous iodate has been shown to have a slightly distorted perovskite 
structure and to show rhombohedral symmetry;'*§ a = 4-44 A., a= 89°6. Its 
standard entropy at 25°C. has been calculated as 42-9 +1°5 g.-cal.deg>*mole™*.** 
Its solubility in water at 25°C. is 0°001844 mole litre™*.’?” The solubility 
of thallous iodate in various salt solutions has been the subject of many 
electrochemical investigations which have shown that, if ion-association 
is taken into account, a mean activity coefficient of thallous iodate in 
agreement with the Debye-Hitickel theory is obtained.*78"**° The solubility of 
thallous iodate in amino-acid solutions,****** in carboxylic acid solutions’™ 
and in ethyl alcohol-water mixtures*** has also been investigated. 

Similar electrochemical studies have been made oflanthanum iodate 
and cerous iodate.**® The solubility of lanthanum iodate in water at 25°C. is 
8-9 x 10*mole litre™’,*??. and that of cerous iodate 1-732 g.per 1000. of 
water.**© Gadolinium iodate is precipitated immediately when solutions of 
gadolinium chloride and sodium iodate are mixed. The granular precipitate 
can be dried in air and has the formula Gd(IO,),,5%4H,O.*°” Europium iodate 
has been prepared in a similar way from europium acetate and iodic acid. It 
also crystallizes with 574 molecules of water, having the empirical formula 
em 1@z)..54H,0.*** 

Plumbous iodate, Pb(IO,),, is precipitated from a solution of any soluble 
‘lead salt to which an iodate is added. It is not stable in the presence of 
hydrochloric or sulphuric acid. It is stable and insoluble in the presence of 
excess of iodate ions and use may be made of this fact in the determination of 
lead.**® Lead iodate can be safely heated up to 400°C.**° The most recent 
value!* for the solubility of plumbous iodate in water is 3+G1 x 107° mole 
litre™* at 25°C., a value considerably lower than those reported earlier (Mellor, 
II,356) and probably based on a purer product.**? The solubility of plumbous 
iodate in solutions of glycine and alanine’* and in various salt solutions**7*** 
has also been studied and has been shown to increase rapidly with the con- 
centration of anions such as chloride, acetate etc., which form complex ions 
with the lead.*****3) The rhythmic precipitation of lead iodate in gelatin has 
been described.****** The specific magnetic susceptibility of plumbous iodate 
was found to be =0-2356 x 10°°c.g.s. units, from which the ionic susceptibility 
of the bivalent lead ion is calculated to be -38 x 10°°c.g.s. units.**© Several 
iodates of tetravalent lead have also been described. When a solution of 
lead tetra-acetate in glacial acetic acid is added slowly to an equimolecular 
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quantity of iodic acid in 50% acetic acid, a yellow precipitate of the dihydrate, 
Pb(IO,),,2H,O, is obtained. By drying this compound at 120°C., anhydrous 
plumbic iodate, Pb(IO,),, is formed. If three times this quantity of iodic acid 
is used, an acid iodate, Pb(1O,),,2HIO,,2H,O, is formed. It is suggested that 
this panponne is a complex acid of the hexaiodatoplumbic anion, H,Pb(IO,),, 
2H,O, and the lithium, sodium, potassium and ammonium salts of this acid 
were obtained simply by employing the corresponding metal acetate in the 
preparation. In each case, the dihydrate was obtained, M,Pb(IO,),,2H,O.*4’ 
Both tin**® and titanium?” form complex hexaiodates in exactly the same way. 
Titanium can be estimated as potassium titani-iodate and this can be safely 
dried at temperatures up to 295°C.**° Thorium is often determined simply as 
the iodate, Th(IO,),, which is precipitated from neutral or acid solution. 
Thorium iodate can be safely dried at temperatures up to 300°C.,**° and various 
procedures have been suggested for the recovery of the iodate from this deter- 
mination.*** Thorium iodate does not react with liquid ammonia; its solu- 
bility therein at 25°C. is 0-8 g. per 1000 g. NH,.**? 

Three hydrated chromium iodates have been described. From aqueous 
solutions of chromium nitrate and an alkali iodate, a green voluminous precip- 
itate of the pentahydrate, Cr(IO,),,5H,O, is obtained. On drying at 100°C. 
this loses three molecules of water, forming the dihydrate, Cr(IO,),,2H,O. An 
intermediate hydrate of the formula Cr(IO,);,4/4H,O is formed when the penta- 
hydrate is suspended in acid solution and heated to 100°C. for some time.*” 
Several double iodates of trivalent manganese have been described. All are 
of the type M,Mn(IO,),, where M is any alkali metal or ammonium ion.*** 

Brownish-yellow ferric iodate, Fe(IO;),, is precipitated when an acid solu- 
tion of ferric nitrate or ferric ammonium sulphate is added to iodic acid solu- 
tion. The anhydrous salt is obtained by filtration and drying; there is no 
evidence of hydrate formation. If the precipitation is carried out in neutral 
solution, some co-precipitation with alkali iodate takes place.*?? 

The preparation of anhydrous cobaltous iodate, Co(IO,),, and of the di- and 
tetra-hydrates of this salt has beenre-investigated. The densities of these 
compounds at 25°C. were found to be 4-931, 4-160 and 3-46 respectively. 
Two new ammoniates, Co(IO,),,6NH, and Co(IO,),,2NH;, have been isolated.**® 
The solubility of cobaltous iodate’** and several cobaltammine iodates’®* in 
various salt solutions has been determined. The existence of yellow an- 
hydrous nickel iodate, Ni(1O,),, and of the green dihydrate, Ni(IO,),,2H,O, has 
been confirmed, although it is claimed that the anhydrous salt obtained by 
direct crystallization ts different from that obtained by dehydrating the di- 
hydrate. The density of the anhydrous salt was found to be 5-02, that of the 
dihydrate 4-01 and that of the hexammoniate, Ni(IO,),,6NH,, 2-557. 

Three uranium iodates have been prepared by adding uranic sulphate solu- 
tion to iodate solutions of varying degrees of acidity. In slightly acid solu- 
tion, uranyl iodate, UO(IO,),, is formed but in more.strongly acid solution the 
normal iodate U(IO,), is precipitated. With a large excess of iodic acid 
present, an acid iodate, U(IO,),,2HIO,, can be crystallized from the solution.**® 
Several plutonium iodates have also been studied. The trix and tetra-iodates, 
Pu(IO,), and Pu(IO,),, have been isolated and their solubilities in water deter- 

mined approximately, *57*5* 
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THE PREPARATION OF PERIODIC ACID AND PERIODATES 


Periodic acid and most metal periodates are prepared from an alkali metal 
periodate, which is usually obtained by oxidation of the corresponding iodate 
with a powerful oxidizing agent such as chlorine, bromine or potassium per- 
manganate. The optimum experimental conditions for the preparation of 
sodium paraperiodate, metaperiodate and orthoperiodate have been recorded. 

Trisodium paraperiodate, Na,H,IO,, can be prepared by dissolving 233 g. 
of sodium iodate and 140g. of Ses, hydroxide in 600ml. of water at 50°C, 
and bubbling chlorine rapidly through the solution. After oxidation is com- 
plete, the solution is made slightly alkaline with more sodium hydroxide to 
convert any disodium paraperiodate, Na,H,IO,, into the less soluble trisodium 
salt, Na,H,IO,, which separates in 97— O8% yield when the solution is cooled. 
Alternatively, 233 g. of sodium iodate and 40 g. of sodium hydroxide are dis- 
solved in 1200ml. of water. This solution is heated to boiling and, with 
vigorous mechanical stirring, first 213g. of potassium persulphate and then 
170 g. of sodium hydroxide are added slowly in small portions. The solution 
is boiled for a further 15 minutes, cooled to 40°C. and the trisodium paraper- 
iodate filtered off and washed free from sulphate.’ If the solution is cooled 
below 40°C., large amounts of sulphates also crystallize. Sodium paraper- 
iodate may also be prepared directly from iodine. Sodium hydroxide (264 g.) 
and iodine (50 g.) are dissolved in 2 litres of water contained in a 4-litre beaker. 
The solution is heated to 80°C, and, with constant stirring, 80 ml. of bromine 
are slowly added at a rate sufficient to maintain the solution at 80°C. On 
cooling the solution, the trisodium paraperiodate separates in yields varying 
from 93 to 98%.** Potassium paraperiodate can be prepared in the same way.’ 

Sodium metaperiodate, NalIO,, is obtained by acidifying solutions of 
sodium paraperiodate: to 100g. of sodium paraperiodate dissolved in 200 ml. 
of water 55g. of concentrated nitric acid is added and the solution, filtered 
if necessary, is evaporated on a steam bath until crystals appear. The solu- 
tion is then cooled to 20°C. and filtered; the precipitate is washed with 
cold water and dried at 110°C, If the solution is over-cooled, crystals of the 
trihydrate, NalO,,3H,O, may form. Potassium metaperiodate can be prepared 
in the same way.* . 

Pentasodium paraperiodate, Na,IO,, (often referred to as the ortho per- 
iodate) can be prepared by the reaction of gaseous oxygen with mixtures of 
of sodium iodide and sodium oxide, hydroxide or peroxide at elevated tempera- 
tures. Oxygen uptake begins at 200°C., and at 300—400°C. the reaction, 
Nal + 2Na,O + 20, — Na,IO,, is complete within a few minutes, although 
temperatures as Bet as 700°C. are often employed. The product is approxi- 
mately 99% pure. Recrystallization from water yields the paraperiodate, 
Na,H,IO,. Sodium nitrate catalyzes the oxidation and does not interfere with 
the yield.* Periodates are also formed by anodic oxidation of alkali metal 
iodate solutions using a platinum or lead dioxide electrode,*® and by the action 
of potassium permanganate on acid iodate solutions.® 

The acidification of alkali metal periodate solutions and their subsequent 
evaporation yields only the corresponding metaperiodate; hence to obtain pure 
periodic acid it is necessary to prepare first either silver or barium paraper- 
iodate and then remove the metallic component. The exact experimental 
details of both processes have been recorded. Sodium paraperiodate solution 
is neutralized with nitric acid and secondary silver mesoperiodate, Ag,HIO,, 
is precipitated by adding an exactly equivalent amount of silver nitrate. The. 
precipitated silver salt is filtered off, washed, suspended in water and, at — 
70°C., is treated with an excess of bromine, which is added gradually with 
stirring. The solution is separated from the precipitated silver bromide and 
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freed from excess of bromine by a brisk current of air. It is then evaporated 
under reduced pressure using both sulphuric acid and solid sodium hydroxide 
as desiccants. On cooling the concentrated solution, clear, brilliant crystals 
of paraperiodic acid, H,IO,, are formed; periodic acid solutions tend to super- 
saturate rather readily and sufficient time should be allowed for the crystal- 
lization to become complete. The crystals can be separated from the mother 
liquor by using a centrifuge, and are dried at 50°C. in vacuo. A 93% yield of 
paraperiodic acid can be obtained in this way.* 

In the alternative method, barium nitrate solution is added to slightly acid 
sodium paraperiodate solution. The solution is boiled for 2 hours, neutra- 
lized with barium hydroxide solution and allowed to cool. Barium paraper- 
iodate, Ba;,H,(IO,),, crystallizes from the solution and is filtered off and 
washed well with cold water. If the crystals are now treated with colour- 
less concentrated nitric acid, barium nitrate, virtually insoluble in nitric acid, 
is precipitated leaving a solution of periodic acid. The suspension is kept at 
60— 70°C, with constant stirring for an hour, cooled to 30°C, and filtered 
through a fritted-glass Buchner funnel. The filtrate is evaporated under re- 
duced pressure, filtered if necessary from any further precipitate of barium 
nitrate, and further concentrated as above. A 90—96% yield of very pure 
paraperiodic acid is obtained in this way.* The same acid can also be pre- 
pared by electrolytic oxidation of iodic acid at an anode of platinum coated 
with lead dioxide, the cathode solution being dilute nitric acid.’ 

When heated in vacuo at 80°C., paraperiodic acid is dehydrated to the 
dimeso-acid, 2H,IO, = H,I,0, + 3H,O. At 100°C., further dehydration occurs 
and the meta-acid is formed: H,I,O, = 2HIO, + H,O.°® 


| 
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THE PROPERTIES OF PERIODIC ACID 
AND OF PERIODATES GENERALLY 


Few physical properties of the colourless, crystalline periodic acids have 
been investigated. The vapour pressure of mesoperiodic acid at 85 and 100°C. 
is 7-5 and 10mm. respectively. The vapour pressures of dimesoperiodic acid 
and metaperiodic acid at 85°C. are 5 and 3mm. respectively." The molar 
magnetic susceptibility of the para-acid was found to be -71-4 x 10°°c.g.s. 
units from which it was concluded that it is simply dihydrated metaperiodic 
acid, HIO7,2H,O,* 

All the periodic acids are readily soluble in water and the solubility of 
the para-acid at various temperatures* is shown in Table XVI. 


TABLE XVI.- SOLUBILITY OF PARAPERIODIC ACID IN WATER 
Tenperature, °C. Solubility, ZW/W, 


From X-ray diffraction studies of periodic acid solutions it is concluded that 
a high degree of complexity and quasi-crystalline arrangement exists in per- 
iodate solutions.#* From thermochemical data, the radius of the periodate 
ion in aqueous solution is calculated to be 2°49 a,°® 

Periodic acid exir*s in aqueous solution as the para-acid, H,IO,, which 
behaves effectively as a weak dibasic acid.’ Using the cells, 


glass electrode | NaH,IO,, | saturated | Ie ee Gy | Hg 
Hi 


O, NaNO, 
and glass electrode | NaH,IO,, | saturated | Hg,Ci, | Hg, 
NaOH NaNO, 


and extrapolating the data to zero ionic strength, the first and second thermo- 
dynamic dissociation constants, K, and K,, were obtained. By measuring the 
variation of these constants with temperature, the corresponding free energy, 
heat content and entropy changes were derived*® and are given in Table XVII. 


TABLE XVII.- THERMODYNAMIC PROPERTIES OF THE DISSOCIATION OF 
PERIODIC ACID: 


Temperature, °C,. 
| K,x 10° 

K, x 10° 

AG? g.-cal.mole™ 


AG} g.-cal.mole 
AH g.-cal. mole” 
AHS g.-cal.mole™ 
AS®° g.-cal.deg:*mole™ 
AS? g.-cal.deg:*mole™ 


The ionization of the para-acid has also been investigated spectrophoto- 
metrically and, from ultra-violet absorption measurements, the first and second 
dissociation constants were found to be 5-10 x 10°* and 2-0 x 10°’ respectively 
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at 25°C. In evaluating these constants,, allowance was made for the dissocia- 
tion H,IOg; = 10% + 2H,O which has an equilibrium constant of 40 at 25°C.° 
This equilibrium was apparently not considered in the potentiometric work and 
is almost certainly responsible for the difference between the two. sets of 
results. These determinations may be further complicated by the dissociation 
2H,10g¢- = 1,05° + 3H,O. Certainly both K,H,IO, and K,I,0,,9H,O may be 
crystallized from the same solution.” The pH values of various potassium 
mesoperiodate solutions have been determined and indicate*® that a significant 
degree of hydrolysis of the mesoperiodate ion occurs according to the equation, 
HIO;” + H,O = H,IOs + Oh The third, fourth and fifth ionization constants 
of paraperiodic acid are very small. Nevertheless, all five hydrogen atoms 
are replaceable when a sparingly soluble salt such as Ag,IO, is formed. The 
electrical conductances of aqueous potassium metaperiodate solutions at 25°C. 
have been determined™ and some data are given in Table XVIII. 


TABLE XVIII.- EQUIVALENT CONDUCTANCE OF 
POTASSIUM METAPERIODATE SOLUTIONS 


Molality 0.020421 0.010570 | 0.005778 0-0033106 
Equivatent 115-67 118.75 120-99 | 122.51 
conductance 
Molality 0-00 15560 0-00072096 | 0-00049401 | 
Equivalent 124.20 | 125-36 125-71 | 
conductance 


These figures lead to a value of 127-90 + 0-07 ohm™* cm?mole™ for the limiting 
equivalent conductance of potassium metaperiodate and 54-38 + 0-07ohm™ 
cm?mole™ for the limiting conductance of the metaperiodate ion.** The stan- 
dard oxidation=reduction potential of the iodate=periodate system, 10;+3H,O — 
H,lO, + H* + 2e7 was found’? to be approximately 145V. The measured poten- 
tial of the system in N-H,SO, solution was found to be 1-375 V. and in aqueous 
solution at pH9-5, 0-706 V.** The exchange of iodine or oxygen atoms between 
separate periodate ions has been shown to be very small.“* In the reduction of 
periodate ions at the dropping mercury electrode, two distinct waves are obser- 
ved, the first corresponding to reduction to iodate and the second to reduction 
of iodate to iodide.*® Thus, traces of periodate in iodates may be determined.” 

_ The reaction between periodates and iodides in acid solution has been 
reinvestigated. In the presence of excess of iodide, the complete reaction is 
IO, + 71° + 8H" — 41, + 4H,0, and this proceeds at room temperature at a rate 
given by 


-d{10j} /dt = [103] [17 ](1-3 x 10°F, + 1-4 x 107 F,[H*]*) 

where F, and F, are coefficients dependent on the total ionic concentration.” 
The first step in this reaction is the intermediate formation of iodate; 

1 he OS lOt T, 4 20H. 


When radioactive iodide is used, the iodine produced is also active but the 
iodate remains completely inactive showing that it is produced entirely from 
the inactive periodate.“ 

Paraperiodic acid in the solid state or in sulphuric acid solution reacts 
vigorously with fluorine. Hydrogen fluoride, oxygen and some fluorine mon- 
oxide, F,O, are evolved from two simultaneous reactions: 


H,1O, + 2F, —> O, + 4HF + HIO, and 
H,IO,+ 4F, — 2F,0 + 4HF + HIO,. 


The resultant metaperiodic acid was aot isolated because further dehydration 
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by the fluorine tends to occur. By passing sufficient fluorine over solid para- 

periodic acid, iodine pentoxide was obtained, At temperatures above 250°C., 

the reaction proceeds even further and iodine pentafluoride is formed.*® 
Periodates:react with hydrogen peroxide and oxygen is evolved: 


IO, + H,O, — 10; + H,O + O,. 


The reaction is autocatalyzed by iodate ions and a steady reaction rate may 
be achieved by the preliminary addition of a small quantity of iodate; too 
much added iodate retards the reaction considerably.” Hydrogen sulphide 
when passed into aqueous periodic acid solution is oxidized partly to sulphate 
and partly to free sulphur: 


6H,IO, + 15H,S — 31, + 2H,SO, + 13S + 28H,0. 


Excess hydrogen sulphide reacts further with the iodine to form hydriodic acid 
and more free sulphur.** Thiosulphates in slightly acid solution are oxidized 
by periodic acid to a mixture of tetrathionate and sulphate:” 


HIO, + 8Na,S,0, + 7HCl > 4Na,S,O, + Nal + 7NaCl + 4H,0; 
HIO, + Na,S,O, +H,O —> HI + 2NaHSO,. 


The reduction of periodate to iodate by arsenious acid or arsenites, IOj7 + 
AsO = IO; + AsOj", was found to be a bimolecular second order reaction, with 
a reaction velocity constant at 25°C. of 5-5mole™*litresec?* The reaction 
rate is jelatively insensitive to the hydrogen ion concentration between pH 3 
and 7.? 

Tellurium dioxide dissolves in concentrated periodic acid, and if the solu- 
tion is evaporated in a vacuum desiccator the addition product 2TeO,,HIO, is 


\ 


isolated: when heated this decomposes to tellurium dioxide and iodine.™ 
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THE PREPARATION AND PROPERTIES OF THE METAL PERIODATES 


Lithium diparaperiodate dihydrate, Li,I,0,,,2H,O, has been prepared by 
passing a brisk current of chlorine through a boiling lithium hydroxide solution 
of iodine.’ 

It was convenient to consider the preparation of sodium para- and meta- 
periodates in relation to that of periodic acid (see page 896). Below 34:5°C., 
three stable salts crystallize from the system HIO,-NaOH=H,0O, namely, 
sodium metaperiodate trihydrate, NalO,,3H,O, disodium paraperiodate, Na,H,IO,, 
and trisodium paraperiodate, Na,H,IO,. Above 34°5°C., the trihydrate is not 
stable and anhydrous sodium metaperiodate may be crystallized directly from 
aqueous solution.* The X-ray diffraction patterns of both the anhydrous® and 
trihydrated* sodium metaperiodate have been examined. The anhydrous salt 
has a tetragonal structure* with four molecules in the unit cell;> the space 
group of the structure is C$,.°° The a parameter has been determined very 
precisely and has the value 5-3222 +0-Q004A. From the spacing of the layer 
lines the c parameter was found to be 11-93 A, On this basis the I-O dis- 
tance is 1-792 A.and the O=O distance 2-G7 A.© The compressibility of sodium 
metaperiodate has been determined using pressures up to 25,000 kg. per sq. cm, 
The fractional decrease in volume with applied pressure is given in Table XIX, 
together with the corresponding data for some other periodates. 


TABLE XIX, - COMPRESSIBILITY OF PERIODATES 
Applied pressure | AV/ Vi 


Nai, | Kio, | RHO, | 


0-0078 | 0.0079 0.0093 
0.0184 | 0.0190 0.0219 
0.0336 | 0-0355 | 0.0400 
0.0436 | 0.0497 | 0.0553 
0.0569 | 0.0617 | 0.0685 | 
0.0658 0.0820 0:0809 | 


The specific and molar susceptibilities of disodium paraperiodate were found to 
be -0-257 x 107° and -69-9 x 10°°c.g.s. units respectively.’ 

Potassium periodate can be prepared by any of the general methods already 
described (see page 896). The details of its manufacture on an industrial 
scale in the United States® and in Russia*® have recently been given. In the 
former case, crude potassium iodate in caustic potash solution at 105°C. is 
treated with excess of chlorine. More potassium hydroxide is then added to 
the hot solution, which on cooling deposits crystals of the dimesoperiodate, 
K,1,0,. This salt is then digested at 105°C. with commercial nitric acid and 
the solution evaporated to half its volume and allowed to crystallize. Potas- 
sium metaperiodate separates and is washed with distilled water, drained 
centrifugally and dried in an oven; this first crop of crystals represents a 
yield of approximately 75%. Potassium periodate crystallizes with a tetragonal 
structure, the a and c parameters being 5-75 and 12-63 A. respectively.* Its 
compressibility” is given in Table XIX. Only two salts crystallize from the 
system HIO,-KOH=-H,O, namely, anhydrous pofassium metaperiodate, KIO,, 
and the hydrated dimeso- salt, K,I1,0,,.9H,O or K,H,IO,,3H,O, the temperature 
of transition to the anhydrous form being 78°C.” Potassium metaperiodate is 
slowly soluble in water at room temperature, up to 3 weeks being necessary for 
saturation to be reached.” Its solubility in water and in various salt solutions 
has been determined on several occasions™**” together with the corresponding 
activity coefficients.“"? The most recent value for the solubility of potassium 
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metaperiodate in water at 25°C. is 0-02248 molal, in which solution the mean 
molal activity coefficient is 0-866.*1 The electrical conductance of potassium 
periodate solutions is recorded in Table XVIII (see page 899). The ternary 
system KBF,-KIO,-H,O has been investigated at 35°C. but no evidence of 
double salt formation was obtained.** The dimesoperiodate can be obtained © 
in a very pure state and is a useful standard in acidimetry. It reacts quanti- 
tatively with strong acids, K,I,O, + 2HCl—>2KCl + 2KIO, + H,O, the equi- 
valence point being easily detected by any normal acid-base indicator such 
as methyl-orange. This salt has the advantage of possessing a conveniently 
high molecular weight.’ 

Rubidium and caesium periodates have been prepared and their crystal 
structures investigated.*#% The former has a tetragonal,* the latter an ortho- 
rhombic structure, the unit cell dimensions being:-* 

7 a,(A.) b,(A.) C,(A.) 


Rubidium periodate 5.874 + 0-003 12-938 + 0-007 
Cae sium periodate 5-838 + 0-003 6:014+0-003 14-364 + 0-007 


The compressibility of rubidium periodate’ is given in Table XIX. 

Anhydrous ammonium metaperiodate crystallizes in colourless tetragonal 
crystals.*° The space group of the structure is C{, and there are 4 molecules 
in the unit cell,*® the dimensions of which are a, = 5-983 + 0-003 a. and b,= 
12-790 + 0-007 a.*® Its compressibility? is also given in Table XIX. Am- 
monium trihydrogen paraperiodate, (NH,),H,IO,, crystallizes with hexagonal 
symmetry in the space group C3;. The unit cell dimensions are a, = 6°88 + 
0-005 A. and cy = 11-10 + 0-05 A. The [IO,|® group consists of oxygen atoms 
arranged octahedrally around the iodine atom, probably distorted by the hydro- 
gen bonds. The I-O bond distance is 1:93 A.*” The heat capacity of diam- 
monium trihydrogen paraperiodate passes through a maximum at approximately 
254°K.*® At a similar temperature, i.e., in the temperature range 246°to 
255°K., its dielectric constant, €, indicates a marked transition from a 
strongly polarized high-tenperature form to a low temperature modification 
with a small dielectric constant. For example, € at 20°C. is 178, at -20°C. 
is 40 and at ~80°C, is 10. The specific conductivity varies in a similar 
manner. Both principal axes of the crystal (perpendicular and parallel to the 
Cc axis) were investigated but no anisotropy was detected. The transition is | 
thought to be due to a rearrangement of the hydrogen bonds in the crystal 
although little structural change or lattice expansion was observed from the 
Laue photographs above and below the transition temperature. This be- 
haviour is not shown by the corresponding sodium salt,which has a dielectric 
constant of 50 almost independent of temperature,or by any metaperiodates 
which have very low dielectric constants.*»”° 

Further details of the preparation of silver periodates have been given. 
Silver metaperiodate, AglO,, can be prepared by mixing at 40~50°C. potas- 
sium metaperiodate and silver sulphate solutions in concentrated sulphuric 
acid.** Alternatively, potassium metaperiodate may be added to a solution of 
silver perchlorate in concentrated nitric acid at room temperature. In each 
case, yellow crystalline silver periodate separates.** In less strongly acid 
solution silver trihydrogen paraperiodate, Ag,H,IO,, can be prepared in almost 
100% yield by mixing at the lowest possible temperature a solution of potas- 
sium metaperiodate in dilute nitric acid with aqueous silver nitrate. Under 
these conditions, a very pure product is obtained.?* Silver mesoperiodate, 
Ag,lO,, is prepared by adding excess of silver nitrate to hydriodic acid solu- 
tion, followed by a large excess of potassium persulphate. The solution is 
boiled until the precipitated silver iodide redissolves. It is then cooled and 


neutralized with ammonia solution, when brown silver mesoperiodate is pre- 
cipitated.”* 


Refs. p. 906 


3 OXIDES AND OXYACIDS 903 


All the silver periodates are sparingly soluble in water. The solubility 
of silver trihydrogen paraperiodate at 25°C. is 1:65% and that of the meso- 
periodate 0-25% at 18°C.” When an aqueous solution or suspension of silver 
trihydrogen paraperiodate is warmed, a mixture of the mesoperiodate, Ag,IO,, 
and silver paraperiodate, Ag,IO,, is formed. With continued heating the 
mixture is transformed almost completely into the paraperiodate. If silver 
trihydrogen paraperiodate is warmed to 60°C. in dilute nitric acid, a reddish- 
brown precipitate of secondary silver mesoperiodate, Ag,HIO,, is formed. 
With concentrated acids all the silver periodates are transformed into silver 
metaperiodate.” : 

The ternary system periodic acid=silver oxide-water has been investigated 
at 0°C, by mixing silver oxide with dilute periodic acid solution and stirring 
the solution for 3-4 days with purified CO,-free air. The saturated solution 
and wet residue were then analysed and three compounds were isolated, viz., 
(i) white crystalline silver metaperiodate dihydrate, AglO,,2H,O, (ii) straw- 
yellow silver dimesoperiodate trihydrate, Ag,I,0,,3H,O, and (iii) black crystal- 
line silver paraperiodate, Ag,IO,. The compound Ag,IO, is stable in water 
up to 35°C.; Ag,I,0,,3H,O is not, but is stable in the presence of dilute 
periodic acid, whilst AgIlO,,2H,O is stable only in concentrated periodic acid 
solutions ( ¢ 52% 1,0,).4 

Silver metaperiodate is a yellow crystalline solid of density 5:57 g.per 
c.c. It forms tetragonal crystals, isomorphous with sodium periodate,’ be- 
longing to the space group C4, with 4 molecules in the unit cell, the dimen- 
sions of which are a, = 5-368 + 0°02 A. and c, = 12-013 + 0-034. Silver 
trihydrogen paraperiodate crystallizes with rhombohedral symmetry in the 
space group Cj;. The unit cell contains one molecule and has the dimensions 
@) = 5-31 A. and a= 67°38",.%? Its density is 5-50.” 

Silver trihydrogen paraperiodate is structurally similar to the corresponding 
ammonium salt and shows the same anomalous behaviour with respect to 
specific heat*®-?%° and dielectric constant.'%*° Its molal heat capacity has 
been measured*® from 15° to 300°K. and some smoothed results are shown in 
Table XX. 


TABLE XX.- MOLAR HEAT CAPACITY OF 
SILVER TRIHYDROGEN PARAPERIODATE, Ag,E,IO,. 


: Temperature, °C. Cp, || Temperature, °C. Cp, | 
g.-cal.degz!mole7? g.~cal.deg.!mole7* 


224 56-33 
227-25 63-5 (max.) 
230 58-89 


234 52-04 
238 48.08 
250 43.49 
260 - 44-26 
300 47.48 


The heat capacity is seen to pass through a maximum at 227-25 + 0-20°K, 
The change in heat content for this transition is 358-1 + 20-0 g.-cal.mole?* 
The corresponding entropy change is 1:60 + 0-10 g.-cal.deg?*mole™, and this 
agrees well with the calculated value of 1:64 based on a hydrogen bond theory 
of transition. The entropy of crystalline silver trihydrogen paraperiodate at 


298-19°k, was calculated as 59:44 g.-cal.degzt*mole™*.** A change in di- 
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electric constant was observed in the temperature range 210 —240°K. but the 
change is not so marked as with the ammonium salt.*® The specific and 
molar magnetic susceptibilities of silver trihydrogen paraperiodate are -0°2256 
x 10°° and -99:66 x 10°°c.g.s. units respectively. The corresponding para- 
meters for silver mesoperiodate are -0°233 x 10°€ and ~123°64 x 10° c.9,s, 
units. ® | 

In addition to the cupric periodates already described (Mellor, II, 412), 
a deep green paraperiodate peas tae Cu,(IO,),, 7H,O, has been reported. 
It is prepared by drying at 45°C, the precipitate obtained when paraperiodic 
acid solution is added to dilute copper acetate solution. At 74°C. this 
heptahydrate slowly loses water forming the corresponding pentahydrate. 
The vapour pressures of the heptahydrate and pentahydrate at 74°C. were 
found to be 5mm. and 3mm. respectively.”” Quaternary copper periodate has 
been prepared by adding a solution of disodium paraperiodate in dilute nitric 
acid to copper sulphate solution.” The yellowish green crystalline precipi- 
tate is paramagnetic with a molar susceptibility at 32°C. of 2387-85 x 107° 
C.g.s. units.”® 

The alkaline earth dimesoperiodates, Ca,I,0,,8H,0, Sr,J,0,,8H,O and 
Ba,J,0,,4H,O0 have been prepared by boiling a concentrated solution of a 
soluble salt of the metal with solid disodium paraperiodate. 79939 To precipi- 
tate the strontium salt, prolonged boiling is necessary. Zinc diparaper- 
iodate, Zn,I,0,,,5H,O, can be prepared in the same way.” When slightly acid 
zinc acetate solution is added to a neutral iodate solution, white crystalline 
anhydrous zinc paraperiodate, Zn,(1O,),, is obtained.** In neutral solution 
this precipitation is quanti tative and affords the basis of a proposed method 
of determining zinc. *488 Under similar conditions, cadmium paraperiodate, 
Cd,(10,),, is also quantitatively precipitated. 33 The specific and molar 
magnetic susceptibilities of mercuric periodate were found to be =0°1828 x 
10°° and -225-55 Xx 10°°c.g.s. units respectively.® 

Aluminium metaperiodate dodecahydrate, AI(O,),,12H,0, has been prepared 
by slowly adding a freshly precipitated aluminium hydroxide suspension to a 
5% excess of cold solution of periodic acid. After filtration, the solution is 
concentrated on a water bath and then allowed to cool and crystallize. Octa- 
hedral crystals of the dodecahydrate separate which can be filtered off and 
dried. .They are quite stable in air and are not hygroscopic. The existence 
of a trihydrate (Mellor, II, 415) could not be confirmed.** Aluminium dipara- 
periodate, Al,H,I,0,,, was prepared by adding an aqueous aluminium sulphate 
solution to a suspension of trisodium paraperiodate and heating the mixture on 
a steam bath.** Thallic diorthoperiodate, T1,1,0,,,3H,O, was obtained by 
digesting thallic oxide with concentrated sulphuric acid and adding a solution 
of trisodium paraperiodate in concentrated nitric acid. A yellowish-brown 
precipitate of the thallic periodate is slowly formed.** The specific and molar. 
magnetic susceptibilities of lanthanum mesoperiodate dihydrate were found to 
be =0-1591 x 10°° and -60-76 x 10°®c.g.s. units respectively.* 

Yttrium, erbium and cerium, like all other rare earths, form mesoperiodates 
of the type MIO,, usually with 4 molecules of water of crystallization. Yttrium 
also forms a. diorthoperiodate, Y,I,0,,,11H,0.*® Both yttrium and cerous 
mesoperiodates are paramagnetic, their specific susceptibilities ates2 G, 
being 9-072 x 10°® and 5-143 x 10%c.g.s. units respectively.” Gadolinium 
mesoperiodate, GdIO,,4H,0, is reported to be very deliquescent.*” Three © 
basic indium periodates have been described, 2InIO,,In(OH),,6H,O, 3InIO,, 
In(OH),, and 4InIO,;,In(OH),,5H,O. All are white crystalline compounds and 
all are converted by concentrated nitric acid into yellow crystalline indium 
me soperiodate, InIO,. 

In order to prepare titanium periodate, freshly precipitated titanium hydroxide 
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is dissolved in nitric acid and added to a solution of trisodium paraperiodate 
also dissolved in nitric acid. On concentrating the solution the titanium 
periodate, Ti,I,0,,, or 7TiO,,1,0,, is precipitated. Zirconium Big MaOb cr 
iodate, Zr,I 20135 can be obtained in the same way from zirconium hydroxide, * 
though (Hace is some doubt as to whether the final product contains 14 or 
17 molecules of water of crystallization?”*° Two other periodates of zirconium 
have been reported; zirconyl diparaperiodate (ZrO),I,0,,,18H,O, prepared by 
mixing solutions of zirconium nitrate and pete eiun metaperiodate, and 
zirconyl diorthoperiodate, (ZrO),I,0,;,,20H,O, obtained by the action of para- 
periodic acid on freshly precipitated zirconium hydroxide. This last salt was 
systematically dehydrated and distinct hydrates containing 13, 8, 6 and 4 
molecules of water of crystallization were characterized. The anhydrous salt 
was also obtained. *° 

Ceric paraperiodate monohydrate, CeHIO,,H,O, is precipitated when acid 
solutions of ceric ammonium nitrate and trisodium paraperiodate are mixed. 
The anhydrous salt is obtained by drying the monohydrate in a vacuum.” If 
a slight excess of hot neutral potassium periodate solution is added to a hot 
neutral solution of thorium iodate, complete precipitation of the thorium as 
thorium paraperiodate pentahydrate, ThHIO,,5H,O, takes place. After stand- 
ing 3—4 hours the gelatinous precipitate can be filtered off on a sintered- 
glass filter and dried at 110°C. to the pentahydrate. This procedure is suit- 
able for the determination of thorium.** In acid solution, precipitation is 
slow and incomplete*%***? and use is made of this fact to separate ceric 
cerium from thorium and the rare earths.** The precise details for the pre- 
cipitation and determination of cerium as ceric paraperiodate monohydrate 
have been described.** _ 

A basic stannic periodate, 4SnO,,I,0,, is precipitated when a solution of 
metastannic acid in nitric acid is added to trisodium paraperiodate also in 
nitric acid.** Plumbic diparaperiodate, Pb,I,0,,, can be prepared by dropwise 
addition of a solution of trisodium paraperiodate in 50% acetic acid to a 
cooled solution of freshly prepared, dry lead tetra-acetate in a minimum of 
glacial acetic acid. The compound is hydrolyzed in boiling water. * 

Bismuth periodate is obtained by mixing solutions of potassium metaper- 
iodate and bismuth nitrate in 50% acetic acid. The resulting precipitate is 
digested, washed by decantation with acetic acid, filtered, washed with warm 
water and dried at 100°C. The precipitate has a variable composition de- 
pending on the initial ratio of metaperiodate and bismuth concentrations; 
when these are equal, the final precipitate approximates to the formula: 
Bi,(IO,),,4H,O, i.e., the paraperiodate. ** 

Manganese mesoperiodate, Mn,(IO,),, was prepared by quickly adding an 
ice-cold solution of manganous chloride to a thin paste of excess of silver 
mesoperiodate. After filtration through an ice-cold funnel, the solution was 
evaporated at less than 15°C, Pink crystals of the thesoperiodate formed 
after two days; they decomposed on warming to room temperature.** Complex 
periodates of quadrivalent maganese may i obtained as crystalline precipi- 
tates by the interaction of manganic acetate and a metal periodate in nitric 
acid solution. They all have the general formula MO, 2MnO,,1,0,,xH,O where 
M is any alkali metal, alkaline earth metal, silver, copper, zinc, cadmium or 
lead.“ 

Ferric paraperiodate, FeH,IO,,4H,O, was prepared by mixing a solution of 
trisodium paraperiodate in concentrated nitric acid with a concentrated solu- 
tion of ferric chloride.** Ferric me soperiodate, FelO,,11H,O, is obtained by 
passing chlorine through a boiling suspension of ferric hydroxide and iodine.** 
A chromium periodate, Cr,0,, 21,0,, 22H,O, is obtained when chromic hydroxide 
and iodine are chlorinated Pogetier 
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No cobalt periodate has been isolated from a mixture of disodium para- 
periodate and cobalt sulphate solutions (Mellor, II, 416-417). However, 
cobalt diparaperiodate, Co,I,0,,,12H,O, can be obtained by mixing hot solu- 
tions of cobalt nitrate and potassium metaperiodate.*® It is paramagnetic, 
its specific susceptibility at 32°C. being 23.67 x 10°°c.g.s. units.7* Several 
complex cobaltiperiodates have been described. They are prepared simply 
by adding potassium metaperiodate to a solution of cobalt nitrate and metal 
salt. Two types of complex salt are obtained: tetracobaltiperiodates derived 
from the acid containing CoM I, and H in the ratio 4: 3:3 and monocobaltiper- 
iodates, with Coll:I:H equal to 1:1:2. Sodium, potassium, ammonium, 
silver and barium*’ tetra- and monocobaltiperiodates were prepared. 

The preparation of nickel periodates has been reinvestigated. The light 
green precipitate obtained by mixing nickel sulphate and disodium paraper- 
iodate solutions has been shown to be the para-salt, Ni,(IO,),,13H,O, whereas 
the dirty green precipitate obtained from nickel chloride and potassium meta- 
periodate solutions has the composition NiO,21,0,,25H,0.** Nickel paraper- 
iodate is also paramagnetic and its specific susceptibility at 32°C. was 


found to be 20-744 x 10°°c.g.s. units.”° 


Pale yellow uranyl dimesoperiodate, 


(UO,),I,0., is precipitated when cold solutions of uranyl nitrate and potassium 
.metaperiodate are mixed; in hot solution, no definite compound is formed.*® 
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(30,7056) 
(36,4432) 
(34,1577) 
(21, 365) 


(43,2883) 
(36,2801) 
(36, 717) 
(38, 316) 
(43,6940) 
(44,1351) 
(44.3827) 
(19,1385) 
(36,1255) 
(38,2282) 
(33,8518) 
(31,5704) 


SECTION XXXVI 


SPECTROSCOPY OF IODINE, HYDROGEN IODIDE, 
IODINE MONOXIDE AND IODINE OXY-ACIDS 


By R. F. BARROW 


THE IODINE ATOM: OPTICAL SPECTRA 


References to work on the optical spectra of the iodine atom are summarized 
in Table I. Transitions involving the lowest states of the neutral atom have 
been recognized from experiments on the absorption spectrum of the heated 
vapour, and through excitation by active nitrogen. The spectrum of the neutral © 
atom, and that of singly-ionized iodine, I’, are now quite well known, but 
there is only fragmentary information about the higher spectra. Hyperfine 
structure in the arc and first; spark spectra has been much studied: departures 
from the interval rules are interpreted in terms of quadrupole interactions. 


TABLE I.- THE OPTICAL SPECTRA OF THE IODINE ATOM 


See tk 


atomic absorption 
resonance fluorescence not shown by line 2062 A. 
excitation by active nitrogen 
excitation in discharges 
wave-lengths: 2300 to 5235 A, 

Schumann region: ground-state ?P interval 
wave-lengths: 800 to 1900 A. 
wave-lengths: 2562 to 7468 A. | 
wave-lengths: 6965 to 9114 A. analysis 
wave-rlengths: 4765 to 9732 A. analysis 
wave-lengths: 3200 to 9114 A. analysis 

criticism of analysis”* 
Zeeman effect 
wave-lengths: 750 to 2300 A. 
zeeman effect: analysis 
Stark effect 
Zeeman, Stark effects 
wave-lengths: 2220 to 7350 A. 
Series: ionization potential 
analysis: h.f.s. 


II classification: h.f.s. 
wave-lengths: 1275 to 2376 A. 
II-VI wave-lengths: 190 to 1009 A. 
II zeeman effect: analysis: wave-lengths 
III . Classification 
IV wave-lengths: 2224 to 3547 A. classification 
VI classification 
VII classification 
Vill classification of lines between 190 and 202 A. 


Refs. p. 909 908. 
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TABLE I (continued) 


Reference | Spectrum 


preliminary observations on h.f.s. 
h.f.s. i= 29/2 
h.f.s.i= 5/2 
h.f.s. i= 5/2 anomalous intervals 
h.f.s. anomalous intervals 
Zeeman effect in h.f.s. i= 5/2 
nuclear quadrupole effects 
h.f.s. nuclear quadrupole effects 
h.f.s. nuclear quadrupole moment 
h.f.s. nuclear quadrupole moment 
nuclear magnetic moment 
nuclear quadrupole moment 
h.f.s. quadrupole interaction 


5s* Sp* 6s: *PY% 63186-49 cm" 
*P% = 618 16-17 
*Py —60892-67 
4D 2 
Px = =—56089-33 
*Ps 54630-00 

Sse Op ee OU 267 

eee 
The lowest ionization potential** is at 10-44 ev.: the second ionization 


potential**** is at 19-26 ev. Properties of iodine nuclei® are as follows (see 
also page 912):- 


Mass number a.m.u, spin magnetic moment, n.m. Q(10°%cm?) 
127 126-9453 5/2 2+8090 -0+7 
14) a - Tie 2°6181 -0:5 


Lines at 3754-6, 4170-4 and 5369-7 A. have been suggested as suitable 
for analytical purposes. The M.I.T. list™ gives the following sensitive lines: 
2062-38, 5161-188 and 546461 A. The excitation of lines has been dis- 
cussed.© An atlas containing iodine spectra has been published. 

The possibility of an electron affinity spectrum of the iodine atom has 
been considered:°%®* the maximum should lie at about 3000 A., but it is 
expected to be too feeble to be observed.” 
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THE IODINE ATOM: X-RAY SPECTRA 


Measurements 
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in the K-series have been made in emission,** 


K-absorption edge has been studied.°” The effect of chemical combination 
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,21,Sec. 3, 89-97, (22,2107) 


(24,3169) 
(20,2613) 
(31,3384) 
(30,6641) 
(24,2048) 
(25, 457) 
(25,3565) 
(26, 29) 
(27,1821) 
(27,2878) 
(19,3063) 
(29,3598) 
(21,2225) 
(24, 18) 
(24,1288) 
(23,2655) 
(25, 458) 
(26,1187) 
(31,5675) 
(32,6544) 
(27,3139) 
(29,2846) 
(32, 859) 
(41,2330) 
(44, 33) 
(25,2361) 
(29,2445) 
(29,4262) 
(30,3719) 
(44,6264) 
(43,4136) 
(28,6630) 
(20, 147) 
(26,5009) 
(29,3912) 
(30, 957) 
(30,2843) 
(30,5879) 


(33,3690) _ 


(33,9136) 
(33,4517) 
(33,6716) 


- (34,3978) 


(33,6716) 
(33,8496) 
(34, 25) 
(34,1278) 


(26,2652) 


(39,3733) 


(44,1329) 
(28,6629) 


(32,5702) 


and the 


; 
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on the position of the edge has not been detected,’ and the effect on the 
structure of the edge is very small.*” [Iodine itself shows a faint structure 
near the short jwave-length side of the absorption limit, both in the solid and 
vapour states,’ but again no shift is detectable. The relative intensities of 
the lines Kg ‘and Ka have been measured for the fluorescent radiation.” 

The L- spectrum Wee been the subject of a number of investigations,” * and 
there is available fairly complete information about wave-lengths,”**"* satellite 
lines***%*® and energy-levels.**"47%'* Values of v/R for the energy-levels, 
referred to Ly, are given in Table II.** 


TABLE I.- X-RAY ENERGY LEVELS FOR IODINE 
K 2443615 | Ly | | 


The L absorption edges of iodine have also been studied.*4’°?* The 
positions of the limits (Table III)** and the character of the fine-structure 
depend somewhat on the state of chemical combination.?°??° 


TABLE III.- L ABSORPTION EDGES FOR IODINE, X,U. 


271153 


13-4 2708-7 
12-4 06-6 2698-3 
2535°6 12-1 06-1 983 


The emission of X-rays in the L series has been observed” in an electrode- 
less discharge. Relative intensities and widths of lines in the L series 
have been discussed in terms of the Auger effect.”* Experiments on the 
scattering of X-rays by crystalline iodides have been described.***° The 
magnetic spectra of the electrons emitted by iodides irradiated with X-rays 
have been studied.** The mass absorption coefficient for iodine crystals 
has been measured** at a wave-length of 59 X.U., and an empirical method of 
calculating these coefficients has been proposed.** 
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THE IODINE MOLECULE, L, 
ABSORPTION SPECTRUM OF GASEOUS IODINE 


The banded absorption spectrum of iodine in the visible region attracted 
much attention,*® 
been laid. It was in fact the analysis of Wood’s resonance series (see page 
916) which provided the key to the unravelling of the rotational structure of 
the absorption bands:* subsequent work has yielded improved values for the 


Bere of this system,* now recognized as arising from a transition © 


B *T,+=X ‘24. A number of additional bands have been identified,°* especially 
at the short wave-length end of the system,® where the bands converge to a 
limit beyond which there lies a region of continuous absorption. The last 
band-head to be measured lies at 200244 cmi?: the extrapolated position of 
the convergence limit is at 20037 cm?* From the intensity alternation in the 
rotational lines of bands of this system, it was shown’ that the nucleus *77[ 
obeys Fermi-Dirac statistics, and that the nuclear spin is 5/2. At higher 
pressures of iodine, a further band-system is observed in absorption’” in the 
infra-red region, between 8300 and 9300 A., arising from a transition from the 
ground-state X 3 to a feebly-bound upper state A “Il,,. 

Absorption heads assigned to the iodine molecule are also observed in the 
quartz ultra-violet***® and Schumann*%’® regions. At low temperatures and 
pressures, bands are found***® in the region 1700 to 2065 A. and between 1540 
and 1770 A.*”*® At higher temperatures and pressures, banded absorption may 
be seen at longer wave-lengths (2100 to 2760 A.);** at about 1000°C. continua 
are observed*»'* with long wave-length edges at 3263 and 3427 A., and bands 
between 2974 and 3427 A., and between 2716 and 2880 A. A further band at 
2670 A. has been observed*® at 160°C. and 390 mm. pressure. It is then 
clear that there are a number of excited states reached from the ground state 
by absorption of ultra-violet radiation. There is still some doubt, however, 
about the analyses of these various systems. Attempts have been made to fit 
the large number of bands observed at low or moderate pressures between 1900 
and 2700 A. into a single system,***? but the results are not entirely con- 
vincing.”*° Likewise, the analyses of the overlapping systems at shorter 
wave-lengths are doubtful.7*"* A systematic study of these bands with 
adequate resolution is overdue. 7 

The B= X system has been the subject of a number of other investigations. 
The magnetic rotation spectrum (the spectrum of the light transmitted through 
crossed nicols when the magnetized gas is placed between the prisms in such 
a way that the light travels along the field) was first observed by Wood and 
Ribaud.*? In the case of the alkali metals, results both elegant and fruitful 
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even before the theoretical basis for its interpretation had © 
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are obtained in this experiment, but this is not so for iodine,”* although the 
behaviour is in qualitative agreement with the theoretical treatments. 747° 
The results of an interferometric study” of the effect of a magnetic field on 
the absorption at 5461 A. have been discussed.” 

In early interpretations, the possibility that spectral limits were to be 
identified with ionization processes was often considered.** Franck” first 
gave the correct interpretation of the absorption limit (ca. 4990 A.), namely 
that it corresponds to the ee - 


>> I(?Ps) + I(?Py). 


993 of the molecule is equivalent to 20037 cm:', 


less the separation sails 7603 cm’, in the ground state of the iodine 
atom. This is ienlent to Bi o (Ip) = 35*542 +0020 kg.-cal./mole, inexcellent 
agreement with the value obtained from the measurement of the pressure in 
partly dissociated iodine gas,** 35-514 + 0-050 kg.-cal./mole. 

The state B *I],4 lies above the dissociation limit to normal atoms, and it 
might be expected that it should be possible to observe predissociation in this 
state by interaction with repulsive states correlating with the normal atoms. | 
This is indeed the case, and Turner*® has shown by the direct observation in 
absorption of the production of atomic iodine, that light of wave-length greater 
than 5100 A. is capable of inducing predissociation in the presence of argon. 
This collision-induced predissociation has also been demonstrated by the 
apparent increase in intensity of the absorption bands with v’ > 12 in this 
system on the addition of oxygen or nitrogen. $7,399 According to Turner,*® the 
maximum effect occurs at v' ~ 25: Kondrat’ev and Polak*® found three maxima, 
at v’ = 22, 29 and 39, which they attribute to three different unstable electronic 
States. The iecreaee in life-time in the predissociated upper levels has been 
demonstrated by an increase in the line-breadths in the presence of oxygen or 
nitrogen.** These effects are further confirmed by the results of experiments 
on the quenching of the iodine fluorescence (see page 920) and by the weaken- 
ing of the B~X system in emission” when iodine is excited in presence of a 
foreign gas. | 

An increase in pressure through photo-dissociation with visible light has 
been reported.** The iodine line at 2062 A. has been observed in fluores- 
cence™'#** on illuminating iodine vapour with light of wave-length about 1400 A. 
The absorption in molecular beams has been studied.‘ 


Thus the dissociation say 
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IODINE MOLECULE: INTENSITY OF ABSORPTION 


Qualitative experiments’’ on the variation with temperature of the intensity 


of absorption by iodine vapour in the visible region of the spectrum have been 
followed by a number of measurements”»%*° of the extinction coefficient. 
Earlier measurements” between 4500 and 6000 A. have been criticized,* and it 
has been suggested that the apparent failure of the gas’ to obey Beer’ s law 
arises from some surface phenomenon,* but according to Luck,’ the effect, 
which occurs in the region of banded absorption, is an experimental one, 
arising from the use of inadequate spectral resolving power. Certainly the 
observed shape of the extinction curve near the maximum at low pressures and 
temperatures (Fig. 1) is unusual, and would suggest the existence of two 
overlapping transitions, were it not that the curve assumes the normal Gaussian 
shape at higher temperatures and pressures.**° Measurements at 4358 and 
5461 A. confirm this effect:* in the banded region at 5461 A. the addition of 
helium raises the extinction coefficient, while in the region of continuous 
absorption (4358 A.) the addition of helium leaves its value unchanged. Thus 
it may be concluded that the main absorption band (Vay © 19000 cm**) repre- 
sents a single transition whose true shape is Gaussian. In the usual way, 
this band becomes broader with increasing temperature,’ and the value of 
f&maxdecreases. The characteristics of this band in the gas are not ver different 
from those onserved for the violet solutions of iodine in inert solvents”**° (Figs. 
1 and 2; see pages 915 and 925) at the same temperature, but the value 
of the extineron coefficient is a little lower in the gas: thus, €max at 300°C 
is calculated*® to be 685 for the gas, and in presence of inert gas°® this figure 
is raised to about 820 as compared with 920 for carbon tetrachloride solution 
(see page 924). 

Both violet solutions and the gas show a second very weak maximum’® at 
about 14200 cm** 
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€o(v) Calc. 


I, in cyclohexane 
solution 


3 14 15 6 7 18 19 20 2 22 23 24 25 
Cm! 10? 7 
Fig. 1. COMPARATIVE REPRESENTATION OF THE ABSORPTION SPECTRUM 


OF I, AT T = 0°K. (CALC.; POSITION OF MAXIMUM IS ASSUMED); 
T = 423°K., 1323°K. AND AT 291°K. IN SOLUTION 
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IODINE MOLECULE: EMISSION SPECTRUM 


The emission spectrum of iodine has been much studied, but there remain 
a number of observations yet to receive satisfactory interpretation. In earlier 
work, attention was paid to the conditions of spectral excitation, *°»'7** and 
to the. question of the identity of the emitter of the spectrum.” The sugges- 
tion that certain features were to be interpreted as an electron-affinity spec- 
trum®%*? has been disproved.*»*’? The simplest part of the spectrum is the 
band-system B-X at A > 4990 A., which may be excited in many ways: the 
system does not, however, appear in emission in presence of a considerable 
pressure of inert gas! (see page 913). This system also appears in emission 
from hot iodine vapour (t > 450°C.).*%?2 Under these conditions there also 
_ appears the only continuum in iodine which seems definitely to be established, 
at A < 4990 A. (the convergence point of the B~X system), and this is con- 

sidered’®*” to be the recombination continuum arising from the process:- 


I+1* =I, + hv. 


With this exception, what are described in the earlier literature as continua, 
appear on closer examination to consist of diffuse overlapping bands. 14,1720 
_ These diffuse bands have been observed in the region between about 2000 and 
5000 A. Cften strongly emitted both in discharges®**” and in flames** is a 
group near 3460 A. The problem of deriving unambiguous analyses of systems 
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of closely-spaced diffuse bands, arising from transitions between states in 
which the molecule has very different equilibrium configurations, is a difficult 
one, but progress has been made by examining the emission spectra in the 
presence of quite high pressures (several hundred mm.) of inert gas.?”*? Under 
these conditions, the molecules approach thermal equilibrium in the vibrational 
levels of the upper electronic states: they populate therefore a smaller 
number of initial vibrational levels than is normal in a discharge tube, and the 
number of bands observed is thereby reduced. This simplified spectrum may 
be more readily analysed. Transitions D<>X, F—X and E-—B (see Table 
IV, page 923). have been treated successfully in this way.*°¥** Other systems 
of diffuse bands appear to arise from transitions between stable upper states 
and repulsive lower states.%%%°° Plausible interpretations’ of these 
transitions have been given, but many of the assignments await confirmation. 

A high-frequency discharge through iodine vapour has been suggested as a 
source of continuous radiation” in the region 1950 to 3000 A. 
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IODINE MOLECULE: FLUORESCENCE SPECTRUM 


The fluorescence spectrum of iodine was the subject of the classical © 
investigations of Wood,’»*** much of whose work was done before the develop- 
ment of the theoretical treatment of the spectroscopy of diatomic molecules. 
When iodine vapour is illuminated with monochromatic light, e.g. Hg 5461 A,, it 
emits a fluorescence spectrum which consists, according to the conditions of 
excitation, of a series of,lines (Wood’s resonance series) or of bands. The 
problem of identifying the emitter prompted investigations of the effect of. 
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temperature’ on the fluorescence and of ionization potentials in the fluorescing 
vapour.” The basis for the interpretation of the resonance series was laid by 
Lenz:°° subsequent theoretical progress,**”° together with the experimental 
work of Mecke,**** who correlated measurements on the fluorescence and 
absorption spectra, prepared the way for the analysis of both spectra by 
Loomis.’® If iodine vapour at not too high pressure is illuminated with Hg 
5461 A. as excited in a cold lamp giving sharp lines, only one resonance 
series, consisting of doublets** of nearly constant separation, is obtained. 
No anti-Stokes lines are observed for this series, so that the first doublet has 
v” = 0. Loomis** was able to show that the mercury line under these condi- 
tions overlaps appreciably with only one*? iodine absorption line, the line 
R(33) of the 26,0 band of the B-X system. The main resonance series then 
consists of the doublets R(33), P(35) of the progression (26,v"): this series 
has now been observed’7%*%°° as far as v" = 38. If J, is the J-value for the 


upper state, then the doublet separation may be written;-7°° 


Av = =R(J, ~ 1) - PJ; + 1) 
=(4J, ae 2NBe = a(v" ae vA oe DOT, ate 2 a 2). 


Interferometric measurements*»*° of the wave-lengths of many of the lines of 


this series have led to the determination of the molecular constants for the 
ground state of the iodine molecule with high accuracy (see Table IV, page 
923): the values derived are in good agreement with those determined from the 
rotational analysis*® of the absorption bands. 

If the line exciting fluorescence is broad enough to cover more than one 
absorption line, further series are developed:”*° analyses of several of these 
have been given.”**5? Variations in intensity with temperature in some of 
these series, especially in anti-Stokes lines, have been studied.”**°** The 
re-absorption of the fluorescent radiation has also been examined.*” A rough © 
comparison*® shows that the iodine fluorescence is some three hundred times 
stronger than that of bromine. 

Light of wave-lengths falling in the absorption continuum at A < 4990 A. 
does not of course excite any fluorescence in iodine vapour, but the series 
excited by a number of other lines*®*%?%°** at longer wave-lengths, e.g. Cd 
5086, Cu 5218, Hg 5771, Hg 5792, Ne 5852, Na 5893 A., have been studied. 

If the 5461 A. spectrum of iodine is examined when the vapour is in 
presence of ‘an atmosphere of helium at a pressure of only 2 or 3 mm. instead 
of in a high vacuum, the complete band spectrum, very similar to that excited 
by white light, appears in addition to the resonance spectrum, while ata 
pressure of 8 or 10 mm. the resonance spectrum disappears entirely and is 
= Pals by the band-spectrum.’* Iodine molecules, raised to the state J‘ = 
34, v' = 26 of B “II, + by the absorption of radiation, suffer collisions with 
helium atoms in which “there is an exchange of energy, so that molecules about 
to fluoresce are not now restricted to the single state reached by absorption, 
but may also find themselves in states with neighbouring J’ or v’ values (see 
also page 919). The details of this process are interesting.’”"%** It is found 
that every other rotational line in the resonance-collision spectrum is missing. 
As has been seen, the state J'= 34 is reached on absorption: this is an anti- 
symmetric level, as are all the levels with even values of J’ in B “Ts. The 
lines found in the resonance-collision spectrum all corre spond to even values 
of J’, and the lines with odd values of J’ are missing. It thus appears that 
transitions between symmetric and anti-symmetric levels do not occur to any 
extent during collisions. (In the absorption spectrum, both sets of lines 
occur, since there exist iodine molecules in both symmetric and anti-symmetric 
states: however the selection rule sym¢/ anti holds for the absorption, or 
emission, process). 

Excitation of iodine vapour by light of wave-length between about 1800 
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and 2600 A. also leads to fluorescence series, 177 497497678s3536;35394447 bur the 
phenomena here are a good deal more complex than in the case of the visible 
series. Pringsheim*? gives an excellent summary of the facts. Many of the 
observations can be understood if it is supposed that there is an excited state 
of relatively high dissociation energy, but with an equilibrium internuclear 
distance considerably greater than for the ground state. The existence of 
several excited states combining with the ground state to give transitions in 
the ultra-violet region is of course established from the experiments on the 
absorption spectrum. At low temperatures, fluorescence may be excited only 
by short wave-length radiation’? (A < 2100 A.), but as the temperature is 
raised, higher vibrational levels in the ground state become populated, and 
fluorescence can be excited, for example, by Hg 2537 or 2654 A. at 
600° C..749958°45s4° Very long doublet series have been observed in emission 
from discharge-tubes under certain conditions:*** these series are excited by 
the iodine lines at 1830 and 1846 A. produced in the discharge itself. Two of 
these series have been followed as far as the 96th members, and thus provide 
information about the spacing of the vibrational levels in the ground state at 
high values of v”. | 

In addition to these various resonance series, which appear to raise no 
very difficult problems apart from the identification of the upper states in- 
volved, there may also appear sets of apparently diffuse bands (McLennan 
bands) throughout the region between 2000 and 4800 A,*7*%2#:353%3%46 Tn 
spite of a great deal of work, a convincing interpretation of all these bands 
has yet to be put forward, although two systems, D-X and F-X have now 
received satisfactory analyses.*»** 
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IODINE MOLECULE FLUORESCENCE: LIFE-TIME AND QUENCHING 


Observations on the edge of a defined beam of fluorescent vapour lead to 
an upper limit for the life-time of the excited state leading to the visible 
fluorescence of iodine:* the value obtained was t < 10°° sec. Measurements‘ 
with a Kerr cell give t = (1:0 + 0-1) x 10°° sec. This is somewhat shorter 
than would be expected,”® for the transition B “II, - X ‘S* is partially for- 
bidden: moreover the high sensitivity of iodine to self-quenching has been 
interpreted on the assumption of a relatively long life-time. 

The fluorescent radiation of iodine is partly polarized.*° If the visible 
fluorescence is excited by linearly polarized white light, it is found that the 
degree of polarization of the fluorescent radiation is about 14%, in agreement 
with theoretical prediction:*»” the degree of polarization does not vary much 
with temperature at constant pressure.” It is reduced by collisions in which 
the orientation of the molecular axis is changed: this effect has been studied 
by Mrozowski,*»** who found that the efficiency of foreign gases in promoting 
depolarization increases with their mass. He has also studied the effect of a 
magnetic field on the degree of depolarization. A difference between the 
polarizations of the R and P lines of a resonance doublet arises if they are 
excited by circularly polarized light and viewed longitudinally. If, for 
example, the R line coincides with the exciting line, the value of J” is the 
same before and after the absorption and emission processes, whereas for the 
P line there is a change from J" to J” + 2. In this case, the R line should 
show circular polarization of nearly 100%, while the P line should show much 
smaller polarization, and in the opposite sense: this effect has been verified.*” 
A relatively high degree of polarization has been found for the McLennan 
bands Nav th ele 

Two effects may occur on adding foreign gas to fluorescing iodine vapour: 
(i) there may be collisions in which energy is transferred between the iodine 
molecule and the foreign gas, so that instead of a series of sharp lines, the 
fluorescence spectrum now consists of bands (see page 917); (ii) the fluores- 
cence may be quenched. Helium exerts a rather weak quenching action on the 
visible fluorescence of iodine, and its effect at low pressures is mainly to 
distribute iodine molecules among new vibrational and rotational levels in the 
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upper state.** The transfer of energy in collisions with the other rare gases,” 
and with hydrogen and nitrogen**** has been studied. The probability of 
transfer of rotational energy seems to be about the same as for vibrational 
energy: the vibrational changes are largely restricted to the range Av’ = +2, 
with Av’ = +1 somewhat more probable. There is little difference between the 
probabilities of the processes v’ = 26 —> 27 or 25 or of v’ = 26 — 28 or 24. 
The effective diameters for these collisions are much greater (up to 25 times) 
than the kinetic theory cross-sections. They are also much larger than the 
cross-sections obtained from measurements of supersonic dispersion: this 
suggests a dependence on vibrational quantum number, for it has been found 
that molecules raised to v" = 1 in X 23 survive several thousand collisions 
with other iodine molecules oe ie their vibration.” 

The effect of a quenching gas on the intensity of fluorescence often 
follows the Stern-Volmer law:-* 


1=1,/(1 + kp) 


where / is the intensity of fluorescence at quenching gas pressure p and /, is 
the intensity in the absence of quencher: & is a constant for a reaction pair. 
Iodine however is a strong self-quencher, and the effects of self-quenching 
and of quenching by foreign gas are not additive.” Moreover the value of & 
varies not only from one substance to another, but also with the wave-length. 
The quenching of the visible fluorescence by hydrogen, ca et a nitrogen,» °°" 
oxygen, 979757 argon, 7779'57527 other tare gases, ° chlorine** and benzene” has 
been studied. The following values” of the pressure required to reduce the 
value of I to 0-5/, illustrate the. findings: - 


Quenching gas Py, mm. Quenching gas Py, mm 
Helium 70 (red region) Hydrogen > 
20 (green region) Oxygen 305 
Argon G (red region) Ether 0-3 
2+3 (green region) Chlorine Q-2 


Todine 0°08 


In the case of benzene, the Stern~Volmer law is not obeyed:* the results can 
be explained if it is assumed that at least two excited states are formed from 
the primary excited state on collision. 

The quenching action seems quite definitely to proceed by collision - 
induced predissociation.'? Iodine atoms have been detected®” in absorption 
following illumination of iodine-argon mixtures with light of wave-lengths 
greater than 5100 A. (i.e. > 4990 A., the convergence limit in B *II,+), and the 
decreased lifetime in the upper state on addition of nitrogen or jargon has been 
demonstrated by an interferometric study of the line breadths.**® Finally, the 
quantum yield for the photo-dissociation process I, + hv — I + I has been 
measured” in mixtures of iodine with helium, argon, hydrogen and nitrogen at 
different wave-lengths (a) in the continuum at A < 4990 A., (b) in the banded — 
region near 4990 A., (c) in the banded region more remote from 4990 A. If the 
quantum yield in region (a) is 1-00, it is found to be 1-14 in (6) and 1-10 in 
(c), showing that all excited iodine molecules dissociate by collisions with 
foreign molecules. The quenching action is therefore practically never the 
dissipation process:- 


I* +X = 1, +4.X, 
but is nearly always the dissociation:- 
In*+X=14+1+X. 


This dissociation process usually occurs at about the first kinetic collision of 
an excited iodine molecule with a foreign molecule: in helium, however, about 
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ten or more collisions are necessary. The kinetics of the recombination of 
iodine atoms have been studied.*® Measurements of the quantum efficiency of 
the fluorescence have been made:” the efficiency is independent of the wave- 
length between 5000 and 6500 A. 


' 
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IODINE MOLECULE FLUGRESCENCE: MAGNETIC QUENCHING 


Tne phenomenon of the quenching by a magnetic field of the fluorescence 
of iodine vapour in the visible region was discovered by Steubing.* Olden- 
berg® found that a magnetic field is without apparent effect on the blue 
fluorescence, and disproved" suggestions made to explain’ the quenching in 
the visible region. Turner® studied the quenching action in its dependence on 
the wave-length of the exciting light: there is no quenching for an exciting 
wave-length of 5853 A., maximum quenching at about 5460 A. and decreasing 
quenching as the wave-length is decreased to 5085 A. Turner considered that 
this behaviour suggested a magnetically-induced predissociation, an idea 
which was fully confirmed by the theoretical work of Van Vleck,° who showed 
that the effect arises through a depopulation of the levels of the upper state 
oF (correlating with I 12 + I ‘PY -by interaction with a repulsive state 0), 
(correlating with I 7P3 + e ares In the absence of a magnetic field, this 
predissociation is forbidden, but in the presence of a field, the two states mix 
to an extent depending on the field-strength. If Q is the ratio of intensities of 
a given line in the presence of a magnetic field H and in the absence of the 
field, then Q = bH?/(a + 5H’), where a and b are constants. This theoretical 
prediction‘ has been verified in studies**’ of lines excited by Hg 5461 A. in 
fields of up to 42600 gauss. A detailed examination of the combined effects 
of magnetic and collision quenching’ revealed that they are not additive: 
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it is as though the fluorescent molecule in presence of a magnetic field 
shows an enhanced collisional cross-section for quenching. 
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IODINE MOLECULE: SPECTROSCOPIC CONSTANTS 


The constants for those electronic states of the iodine molecule which 
appear to be established beyond doubt are collected in Table IV. Detailed 
theoretical work on the nature of the electron configurations in these states 
has been carried out by Mulliken®*® and by Van Vleck.*’ The , Problem of the 
nature of the upper state B, which had been supposed to be INS was resolved 
mlten ieee chown ein face ope “Ig, or more properly, OF. Later work’® 
has given.a very complete account of the theoretical expectations for the 
excited states both of the iodine molecule and of the molecule-ion, I,*. The 
lowest (vertical) ionization potential corresponding to the process:- 

Onn, ee > 0777, a 

is predicted to be 11-16 ev.: this is the average value for the two “II states 
and the observed value is likely to be somewhat smaller, for ‘Tl should lie 
below *II,. The internuclear distance in the ground state of I,* is expected 
to be about the same as for the ground state of J,. The absolute intensities 
of the long-wave-length absorption bands have also been studied theoreti- 
Cally,c°?> .<Lbe experimental findings, namely that the *Q, <- N absorption 
with Amax = 7320 A. is very weak, that Qo < N with Amax = 5200 A. is strong, 
and that ‘Q <- N must be a weak transition buried under the much stronger 
continuum and bands of the Q, <— N transition, are anomalous and it appears 
that this is to be attributed to a tendency towards case-c coupling in the 
iodine molecule. A strong V (*%*) < N transition is expected in. the ultra- 
esa region: V is probably one of the states found in absorption near 56000 

~ (see page 912). Empirical correlations between the binding and the 
Beast have been discussed.” 

An accurate potential-energy function for the ground state of iodine has 
been constructed*® using experimental values of the constants De, We, XeWe; 
B, and ag: this curve lies somewhat above the Morse curve, the maximum 
correction to the latter being about +3 kg.-cal. The use of other potential 
functions has been considered.* 

Thermodynamic Pee esnetce of gaseous iodine have been calculated from 
spectroscopic data.’ 
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TABLE IV.- CONSTANTS FOR THE ELECTRONIC STATES 
OF THE IODINE MOLECULE 
Transition ; Reference 
471475 96-7 
41355 =| 1022 
33291-6 | 104-0 
155983 | 128-0 
11803 44-0 
214-248 
§ 40-008 (v + 4). ; 
* —1630 x 1073 (v + %)® = 5+529 x 10° (v + %)* = 1645 x 10°7 (v +). 
0-02920 | 1:7 x 107*9§ 3-016 A. 
0-03736, | 1-206 x 1074 2667 
§ further terms known. 
Notes: A number of states exist with T, > 50000 cm:?: their analyses 
do not however appear to have been established with cer- 
tainty.2*45 
The value for ie is in fair agreement with those obtained by 
electron diffraction, r” = 2:66 A.° and 2-674 A.%%* 
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THE ABSORPTION SPECTRUM OF IODINE IN SOLUTION 


The problem of the colour of iodine solutions has attracted much attention. 
In typically inert solvents, such as carbon disulphide and carbon tetrachloride, 


the colour is violet, like that of the vapour, whereas in oxygenated solvents 
such as alcohol and ether, the colour is brown.’ Solutions in benzene are of 
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an intermediate, red, colour. A summary of the earlier literature relating to 
these solutions is given in Table VY. In some cases, complications arise 
through the reactivity of iodine with the solvent, as for example, with water, 
alcohol and acetone, where absorption by- small amounts of tri-iodide 
i0n*s1%3444 may obscure the iodine absorption. 


TABLE V.- VALUES OF Amax AND OF €max FOR 
IODINE IN VARIOUS SOLVENTS 

Solvent Reference 

Carbon disulphide a Oe PS 9 Maa ee 

Carbon tetrachloride {5,7,10,12+14,17,20-22,24-26,31 

Stannic chloride 


Titanic chloride 
Arsenic trichloride 


Chloroform 152.7, UT 25,02 
Methylene chloride 17 ; 
Dichloroethane gb 


17 
17 


n-Propy!] chloride 
n-Butyl chloride 
cis-Dichloroethylene 
trans-Dichloroethylene 
Ethylene trichloride 
Ligroin 
n-Hexane 
cyclo-Hexane 
Benzene 

Toluene 

Xylene 

Substituted benzenes 
Pyridine 

Water 

Methyl alcohol 
Ethyl alcohol 
iso-Propyl alcohol 
tert.-Butyl alcohol 
Acetic acid 

Acetic anhydride 
Acetone 

Ether 

Dioxan 

Iodine vapour 


1,2,7,13,14,16,21,25,26,31 
1,7,14,16,31 
4 


30 


1 

7,8, 18-21 

, 14, 20,21,25,26 

,2,6,7,13,14, 16,23, 26,27 
1 


«. 


~ 


NNOANDHP HARE oAadae 


The dispersion of iodine solutions in the visible region,*® the infra-red 
transmission of a carbon tetrachloride solution,*™* and the effect of temperature 
on the absorption of solutions,*?* have been studied. With a solution of 
iodine in alcohol,?” the absorption maximum shifts by about 1300 cm:* to 
shorter wave-lengths on cooling to 20°K.: the shift is interpreted as a solvent- 
cage effect. Attempts have been made to correlate the solution spectra with 
those obtained in the gas phase.”** Rabinowitch and Wood?» have measured 
the extinction coefficients of strongly illuminated solutions of iodine. Usually, 
the extinction coefficient decreases on illumination, by photo-dissociation of 
the iodine molecules into atoms, but solutions in benzene, methyl alcohol and 
water show reversible increases in extinction on illumination. Benzene 
solutions were studied in detail: the observations can be explained in two 
ways involving, on illumination, either (i) the destruction of complexes. 
C.He,I,, or (11) the formation of new absorbing complexes, C,H,,I or C,H,,I3. 
Several ideas have been invoked to explain the varying colours of iodine 
solutions: it has been suggested that the brown solutions contain colloidal 
particles,** solvated molecules,**”? or associated molecules,’ and the correla- 
tion with dipole moment has been stressed.*””**° The existence of molecular 
complexes has been suggested,** and a theory of solvent=-solute interaction in 
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terms of the cage theory of solutions has been put forward.*°®? However, the 
work of Benesi and Hildebrand*”** on solutions of iodine in benzene and other 
aromatic solvents for the first time demonstrated rather conclusively the 
existence of 1:1 complexes of the type Ar:I, Previously little attention had 
been paid to the ultra-violet absorption of these solutions. Benesi and Hilde- 
brand showed that they possess an intense absorption band near 3000 A. which 
is attributable neither to the solvents nor to iodine (see Fig. 2). By following 
the changes in the inten- 
sity of absorption with 
1=CCl, concentration, using an 
000 F-+{f-—¥4 2= C,H,CF, inert solvent, it was 
2=.0. shown that the new band 
4= (,H,(CH,), arises from a 1:1 com- 
5= (C,H,),0 plex. The extinction 
coefficient for the ab- 
sorption by the complex 
may be determined, and 
thence the equilibrium 
constant for its forma- 
tion. The original 
method of calculation of © 
these constants has been 
improved:** characteris- 
tics of the benzene~ 
iodine system are as 
280 350 450 — shown below Fig. 2. 
Wave length. My The ultra-violet ab- 


A sorption band is seen to 
Fig. 2, ABSORPTION OF IODINE IN be more significant than 


VARIOUS SOLVENTS the visible absorption 
spectrum, which, except 


Visible absorption: Amax = 5000 A.; -€max = 1040. 
Ultra-violet absorption: Amax = 2970 A.; €max = 14000 
Equilibrium constant for the formation of the complex benzene-I, 
(mole-fraction units): 2+3, in pure benzene; 
1-9, in infinitely dilute benzene in carbon 
tetrachloride. 
Heat of formation of complex: -1+45 kg.-cal./mole in pure benzene. 


12 


Extinction coefficient 
Extinction coefficient 


in the case of certain oxygenated solvents (see Table V), is seldom very 
different either in position or in intensity from the vapour spectrum. Indeed, 
some of the changes in colour as between different solvents are to be attributed 
less to shifts in the iodine absorption band than to changing overlapping of the 
ultra-violet bands on to the violet end of the visible spectrum.** 

These conclusions, based on observations on solutions of iodine in 
benzene, toluene, o- and p-xylenes and mesitylene,** all of which appear to 
form complexes, and on trifluoromethylbenzene, which does not do so, have 
been confirmed and extended in later work. Further measurements on the 
benzene complex have been made,*° from which it appears that in addition to 
the main complex band at 2970 A. there may be a weaker band at about 2600 
A. (although it is difficult to disentangle this from the benzene absorption) 
which is of some theoretical interest.°* The spectra of solutions of iodine 
with naphthalene in carbon tetrachloride solution have also been studied: 
values obtained are K = 2:66, €max = 7250, Amax, = 3600 A.,f (oscillator 
strength) = 0-21. The Pompe: is thus somewhat stronger than is that with 
benzene. The absorption spectrum of the complex appears to be determined 


Refs. p. 927 


926 IODINE 36 


much more by the aromatic partner than by the halogen. 

The spectra of solutions in unsaturated aliphatic solvents and other donor 
solvents may also be interpreted in terms of complex formation: experimental 
results are given in Table VI. 


TABLE VI.- NON-AROMATIC IODINE COMPLEXES 


Donor molecule Amax: Visible | Amax: ultra-violet Reference | 


cycloHexene 

Di-is obutylene 
1-Bromo-1-propene 
cis-Dichloroethylene 
trans-Dichloroethylene 
Trichloroethylene 
Tetrachloroethylene 
Acetic acid 

Dioxan 


A detailed study**® of the iodine-dioxan system from measurements on the 


bands both at 4515 and at 2650 A. leads to the following values for the forma- 
tion of the complex:- 


AOS P Sh) 9.2 (mole fraction units) 
AH ~3°5 kg.-cal./mole 
AS = =-6+7 e.u./mole 


Molecules with which complexes do not appear to be formed include trifluoro- 
acetic acid,** sulphuric acid** and hydrogen fluoride.“ 

The Binfrasred spectra of some iodine solutions have been examined**** 
with the aim of throwing light on complex formation. Observations on mesity- 
lene solutions**® have not been confirmed:*°** significant effects were found in 
the case of pyridine,*”** although detailed agreement between the two investi- 
gations is lacking, and whereas the earlier work*’ was interpreted as failing, 
except in the case of pyridine, to support the idea of the formation of com- 
plexes, in the latter*® it is found that there occur small shifts in the position 
of certain solvent bands as would be expected if the solvent behaved as an 
electron-donor to the iodine molecule. The biggest effects occur when the 
solvent donor action is attributable mainly to a particular atom. In certain 
cases, as with pyridine and the picolines, the spectral changes are more 
considerable, and it is thought that here the action may proceed’ to the forma- . 
tion of ionic dlecuiog! 4854 1(C HN) tH] or ions [((C,H;N)*U and [1]. 

Reference has been made above to some of the ideas brought forward to 
explain the behaviour of iodine solutions. The view that 1:1 complexes are 
formed was not everywhere accepted, even after the work of Benesi and Hilde- 
brand, and Bayliss and Rees*’** have stressed the possible effects on the 
spectrum, arising from the cage of solvent molecules surrounding the iodine 
molecule. For example, Rees* has given an interpretation of the shift of the 
visible absorption band of iodine dissolved in water as compared with the 
spectrum in the vapour phase, and Bayliss®* has suggested that the intense 
band at 2900 A. found in benzene solution is to be regarded as the V,N transi- 
tion in iodine vapour at 1800 A., shifted to longer wave-lengths. However, 
the view that the effects are to be ascribed to complex-formation, already 
strongly suggested by the experimental evidence, has been further supported 
by the theoretical work of Mulliken.**°* He has considered the aromatic 
complexes” in terms of resonance between a predominant no-bond structure 
(Ar,X,) and small admixtures of ionic structures of the type (Ar*-X,"). The 
strong, charge-transfer, spectrum results from a jump from this ground state of 


Il 


Il 
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the complex to a predominantly ionic state, (Ar’-X,"): the spectrum is thus 
characteristic of the complex. Not only does the observed position of the 
spectrum fit with this interpretation, but there is also agreement as good as 
can be expected between the observed and calculated intensities: thus for 
C.H.,,1,, f = 0+30 (observed), 0°19 (calculated). 

Useful reviews*°*? of this subject have been published. 

In the far ultra-violet region, extinction coefficients have been measured*® 
for solutions of iodine in n-heptane. There is an intense broad band with 
Gmax = 15000 + 2000 and Amax = 1880 A., considerably stronger than the 


visible absorption band of iod ine. 
the expected transition 'S* 
more than one transition may be "involved. 
f = 0-3 + 0-1, is smaller than that expected theoretically. 
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STARCH-IODINE COMPLEXES 


The absorption spectra of starch-iodine complexes have been studied,™ 
especially with the object of elucidating the compositions of the starches. 
The visible absorption bands lie at somewhat longer wave-lengths than does 
the band in gaseous iodine, and are far more intense. The following figures* 
show how the bands vary for different amyloses:- 


Number of 


amylose glucose residues Amax one 
Potato 500 6280 A. 43000 
Corn 250 6180 40400 
Crystalline Lae ‘6050 40100 
Synthetic 85 5900 32900 
Amy lodextrin 44 5800 25400 


Murakami® considers that the iodine forms a complex with the amylose oxygen, 
and that the intense absorption spectrum is of the charge-transfer type: ac- 
cording to his interpretation, the iodine in the complex is inthe form of small 
units, I, . (See also page 842). 
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ABSORPTION SPECTRUM OF IODINE CRYSTALS 
AND OF ADSORBED IODINE 


The absorption spectrum of thin layers of solid iodine has-been examined. 
Bovis** found that there is a broad band in the ultra-violet with Amax ~ 2550 
A., and that at longer wave-lengths there is a suggestion of a weak band near 
5000 A. The phenomena are complicated however by the pleochroism?’ of the 
crystal, and rather different results were obtained by Hilsch and Pohle,* who 
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found that the solid showed a single broad absorption band with a flat peak 
between 3000 and 4600 A., and decreasing absorption for A < 3000 A. At low 
temperatures, the crystals become red in colour, and at 20°K., they show 
absorption with Amax ~.4750 A., Amax © 5520 A. (very weak), and continuous 
absorption in the ultra-violet. 

Depolarization factors and extinction coefficients for iodine sols have 
been measured’ between 2500 and 7000 A. It is concluded that the particles 
are spherical. 

The absorption spectra of iodine adsorbed on various crystals have also 
been examined:*** that of iodine on chabasite® is similar to the spectrum of 
gaseous iodine, with a strong maximum at 4975 A., but with stronger absorption 
at shorter wave-lengths and subsidiary maxima at 4375 and 3950 A. The 
spectrum on calcium fluoride’ is strongly displaced to the violet as compared 
with the gaseous spectrum, and resembles rather the spectrum of the tri-iodide 
ion. The absorption maxima lie at 2830 and 3420 A., and the intensity is 
about 10* times greater than that for gaseous iodine. A discussion of these 
observations in terms of potential energy surfaces has been given.” The pure 
quadrupole spectrum of solid iodine has been studied. *? 
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HYDROGEN IODIDE 


The elucidation of the structure of the infra-red spectra of the gaseous 
hydrogen halides was a most important step in the development of molecular 
spectroscopy.”° Measurements of lines of the pure rotation spectrum of 
hydrogen iodide were made by Czerny,° from which he deduced a value for the 
internuclear distance in the gaseous molecule. The transition f/ 1<—O in 
deuterium iodide has now been observed in the microwave region.”* Nuclear 
quadrupole effects split the line into three components,’ from whose separation 
the coupling constant, eQqg, may be obtained. Burrus and Gordy® obtain eQq = 
~1823 + 1, B, = 97537*2 Mc./sec. The value of the coupling constant may be 
interpreted in terms of the ionic character and hybridization in the bond’” (see 
also page 636). | 

The vibration-rotation spectrum of hydrogen iodide was first studied by 
Nielsen and Nielsen,*® who analysed the 1-0 and 2-0 bands. Later, the 4-0 
band was photographed by Naudé and Verleger,‘* and the 1-0 band studied 
with high resolution by Boyd and Thompson.** The value of a obtained in the 
latter work may be used to derive Be for hydrogen iodide from the microwave 
value for deuterium iodide: this gives Be, = 6-512, cm.*, in good agreement 
with the value obtained by Boyd and Thompson, but substantially lower than 
the earlier values. The spectroscopic constants for the hydrogen iodide 
molecule are collected in Table VII. 

The vibrational Raman effect** in gaseous hydrogen iodide shows a broad 
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TABLE VII.- SPECTROSCOPIC CONSTANTS FOR HYDROGEN IODIDE 


2309+53 cm;* | 512, cm." |'7. = 1608.54, 
39-73 0-175 | 
2 100 


Note: The vibrational constants are those of Naudé and verleger: 
they lead to 9, od. ¢ = 2230-07, whereas the value observed’ is 
2229-60 cm 


line with maximum at 2216 cm."*, and a long wave-length edge, near to = Over 
2233 cm.*, in good agreement with the infra-red value, v, = 2229°6 cm? 

The infra-red’* and Raman’**® spectra of Gondensed hydrogen iodide have 
also been examined. As the following figures show, the frequency drops with 
decreasing temperature; at the same time, the structure of the Raman lines 
becomes increasingly difficult and complex. 


TABLE VIII.- THE FUNDAMENTAL VIBRATION FREQUENCY FOR 
HYDROGEN IODIDE IN GASEOUS, LIQUID AND SOLID STATES 


Reference 


12 
; iqui 15 
15 
14 
14 
14 


The importance of measurements of absolute intensities in infra-red spectra 
has been stressed by Mulliken:*® results for hydrogen iodide have been 
given by Bartholomé.’” However, Bartholomé’ s intensities, like those for the 
other hydrogen halides, are probably too low.*® The emissivity of hydrogen 
iodide in the infra-red region has been considered.” 

The ultra-violet absorption spectrum of gaseous hydrogen iodide has been 
discussed by a number of writers.7°°° Absorption may be detected?** at 
wave-lengths as high as 4000 A., so that here the process must be a dissocia- 
tion into ground-state atoms, H( *Sy) + I(7P¥). However, since there is no 
sharp cut-off of the absorption on ie low-frequency side, deductions about the 
value of the dissociation energy drawn from a supposed long-wave-length 
limit’? are invalid.*° Measurements of the extinction coefficient have been 
made over a short range of frequencies for both hydrogen and deuterium 
iodides.** The latter spectrum is shifted to somewhat higher frequencies as 
compared with the hydrogen iodide spectrum through a zero-point energy effect. 
The most extensive sets of measurements are those of Goodeve and Taylor”® 
(27000 to 45000 cm.*) and of Romand***° (42800 to 67030 cm:*); they are in 
good agreement (see Fig. 3). The maximum of the continuous absorption band 
lies at 2150 A. (46500 cm<*); at shorter wave-lengths, discrete bands appear 
superimposed on the continuum. The trends in the absorption continua of the 
hydrogen halides are made clear from the following figures:- 


HCl KBr HI 


Amax;,As 15859 1/855. 2150 
Vmax ,.cm. ~ 65100 < 56000 | “46500 
€ max 890 525 174 


From the variation of extinction coefficient with wave-length, it is possible to 
trace the course of the upper-state potential energy curves.7°%°° Jt is con- 
cluded that the transition in hydrogen iodide is two-fold, consisting of (i) a 
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30000 40,000 50,000 60,000 70,000 
Hr “Dem, 


Fig. 3. RELATION BETWEEN LOG,.Ky AND v FOR 
HYDROGEN IODIDE 


relatively weak transition, Q “UI, + *I], <- N, in which the upper-state com- 
plexes dissociate to give ground-state atoms, (ii) a stronger transition, Q *H)4 
<_ N, where the upper state correlates with H(*S1/) + I(’P1). These conclu- 
3 : : : eae 2 Fo nae 31.32 

sions are in good agreement with the theoretical predictions of Mulliken.*» 

The absorption spectrum of hydrogen iodide at still shorter wave-lengths 
has been studied by Price.** The first strong absorption band lies at 1762 
A.: it is the 0,0 band of a transition B<—X, analogous to those observed for 
hydrogen chloride and bromide. The corresponding transition C<—-X is found 
at higher energies, the separation between B and C being related to the 
separation “I]1, — “If; in the ground-state of the hydrogen iodide molecule-ion. 
Constants for these states are given below. 


TABLE IX.- EXCITED STATES OF HYDROGEN IODIDE” 


Yoo | ACy | 


62320 | 1970 em! 
| 56750 | = 


In the region 1120 to 1350 A., there lies a Rydberg series of bands which 
converge on the state (po)~(pz)*, “It, of the molecule-ion by successive 
excitation of a non-bonding (pm) electron. Wave-numbers of the bands are 
given in Table X. 

The lowest ionization potential of hydrogen iodide may then be obtained 
from the limit, 89130 cm**, by subtracting the energy difference between the 
sub-states “Tl and “IIy of HI". This separation has not yet been observed 
directly, but Price** gives reasons to show that it cannot be far from 5300 
cm:* The ionization potential becomes 10°39 e.v. or 239-9 kg.-cal. The 
predicted value*’ of the lowest ‘vertical’ ionization potential corresponding to 


CThy,)bo 
B (Il,)bo 
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TABLE X.- RYDBERG SERIES IN HYDROGEN IODIDE”? 


Vobs, ~Vcale,.|) 7 Vobs.~Vcale, 
20 


8 


a) -4 
10 2 
a1 | ~3 

12 +4 

16 | 13 ~5 


Note: The calculated values are with v = 89130 = R/(n + 0-70)": sub- 
Sidiary bands can be represented by:- 


Vv = 89130 - R/(n + 0-93)? and v = 89130 — R/(n + 1-25)*. 


the process:- 
o*m* —> o*n® (Tis) 


is 10-83 ev., in reasonable agreement with the experimental value. 

The emission spectrum obtained from a discharge through hydrogen iodide 
vapour has been examined:*%** there appear continua with maxima at 3400 and 
4280 A. These have been interpreted as arising from the hydrogen iodide 
molecule,**** but it is not certain that this molecule is the emitter.*° 

The electronic states of hydrogen iodide have been treated in detail by 
Mulliken,*#** who has also made calculations of the absolute strength of the 
absorption continuum in the ultra-violet region. The experimental finding that 
most of the intensity is probably to be associated with the transition N > Q, 
does not correspond with the results of the theoretical calculations. The 
same anomaly occurs for methyl iodide and for iodine, and is probably to be 
associated with the importance of case-c coupling in the states of the iodine 
compounds. 

The bond moment in hydrogen iodide has been calculated by an ionic- 
covalent resonance treatment.*” An attempt has been made to establish a 
connexion between ionic character and ultra-violet absorption.*® Potential 
energy functions for the ground state of the molecule have been investigated.*4*? 
Relations between the force-constant and the internuclear distance have been 
discussed.**** Fajans** considered the electron affinity of hydrogen iodide. 

The dissociation energy of hydrogen iodide cannot be obtained directly 
from the present spectroscopic information about this molecule;***’ it is best 
determined from the values of the standard heat of formation of hydrogen | 
iodide and the heats of dissociation of hydrogen and of iodine. Using values 
given in the Tables of the National Bureau of Standards,** there is obtained:- 


D (HD, 0°K. = 70-48 kg.-cal. 
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HYDROGEN IODIDE ION, HI" 


No Spectrum attributable to the hydrogen iodide ion has yet been ob- 
served.” By analogy with the hydrogen chloride and hydrogen bromide ions, 
the ground-state should be 7II;, with A ~ 5300 cm%* according to Price.* The 
value of AGY, should be”? about 2100 cm?* The dissociation energy of the ion 
may be obtained from the cycle:- 


D(HI") = 1.P.(1) + D(HD = 1.P.(HD). 
Using figures previously given:- 


D,(HI*), 0°K. = 71-7 kg.-cal. 
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IODINE MONOXIDE, IO 


A system of bands degraded to longer wave-lengths and lying in the region 
4190 to 5800 A. was observed by Vaidya’ in the emission spectrum of a coal 
gas-oxygen flame containing methyl iodide. ke attributed the system to the 
molecule IO. Attempts to excite the bands in discharge tubes have not been 
successful,” but they have been obtained by adding iodine to the oxy-hydrogen 
flame.* The constants (cm**) derived from the vibrational analysis are given 
below: they support the identification of the emitter as JO. 


State yb De XeWe 
A 21565 512 5 
x 0 687 5 


It is not certain that X is the ground-state. Extrapolation of the vibrational 
levels in X leads to the value 44kg.-cal./mole for the dissociation energy. 
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IODINE IONS AND ACIDS 
THE IODIDE ION, 


The ultra-violet absorption spectrum of the iodide ion in aqueous solution 
has been studied by Fromherz and Menschick,’* and at shorter wave-lengths, as 
far as 1800 A., by Scheibe.* The value of the extinction coefficient reaches 
1 at about 2750 A.; the absorption increases at decreasing wave-lengths to 
maxima (€ ~ 13500) at 2260 and 1940 A. The separation between the peaks is 
of the same order as the separation wy ay - *Px in the ground state of the 
iodine atom. It has been stated that the absorption in the 2260 A. maximum 
does not follow the Lambert~Beer law exactly,* but there is no confirmation of 
this anomaly (see page 935). The spectrum is interpreted as a charge-transfer 
process”*® (see also page 655). The variation of the absorption with tempera- 
ture and with solvent has been studied.’ 

The effect of potassium iodide on the absorption band of water at 0+77 py 
has been studied.’ 
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THE TRI-IODIDE ION, I, 


The tri-iodide ion shows specific absorption in the uitra-violer region of 


the spectrum.** There are two maxima: figures for aqueous solution® are as 
follows:- 
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Nex peaks € max 
3530 26400 
2875 40000 


This does not appear to be a charge-transfer spectrum.* Concentrated aqueous 
solutions of potassium iodide show a variable absorption in the ultra-violet 
region through the formation of tri-iodide ion by air oxidation of iodide ion to 
iodine.° The tri-iodide ion spectrum varies somewhat with solvent® (see also 


page 924). 


References 
I Brode, W.R., J.A.C.S., 1926,48, 1877-82. (20 ,2789) 
2 Custer, J. J.& Natelson, S., Anal. Chem., 1949,21,1005-9. (43,8961) 
3 Autrey, A. D.& Connick, R.E., J.A.C.S., 1951,73, 1842-3. 
4 Friedman, H.L., J. Chem. Phys., 1953,21,319-22. (47,4195) 
5 Katzin, L.I., J. Chem. Phys., 1952,20,1165-9. (47,4735) 


INTERHALOGEN IONS, Lx 


The existence of ions of the type I,X” is suggested by the ultra-violet 
absorption spectra of solutions of iodine in aqueous sodium chloride and 
sodium bromide.’ 


Reference 


I Katzin, L.I., J. Chem. Phys., 1952,20,1165-9. (47,4735) 


THE IODATE ION, I0,°, AND IODIC ACID, HIO, 


The iodate ion shows absorption in the quartz ultra-violet region. The 
value of the extinction coefficient in aqueous solutions of potassium iodate’” 
rises from about 1 at 2900 A. to 1000 at about 2300 A.; the maximum has not 
been observed. The spectrum has been interpreted as a charge-transfer 
process (see page 655). 

The Raman spectra of aqueous solutions of alkali-metal iodates have 
been studied.** The presence of four Raman shifts, togetHer with the results 
of depolarization measurements,° indicate a pyramidal structure for the ion. 
The assignments of Shen, Yao and Wu’ are as follows:- 


Species v cm? p 
V; Ay 779 0-43 
V, Ay 390 
V3 E 826 
v, E 23008 


These conclusions are supported by studies of the infra-red spectra of the 
crystals.” 

The Raman spectra of crystalline alkali-metal todates have been exa- 
mined.*%? Venkateswaran® has also studied the Raman spectrum of potassium 
biiodate, both in the crystalline state and in aqueous solution. 

A number of observations of the Raman spectra of aqueous solutions of 
iodic acid at varying concentrations have been made,**'°"* but the interpreta- 
tion of the rather complicated spectra is not certain. Hibben,** reviewing 
this work, concludes that the evidence indicates polymerization and a stepwise, 
incomplete, ionization in aqueous solution. 
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The Raman spectrum of crystalline iodic acid has also been studied, 4° 
The earlier work is incomplete, for it has only recently been appreciated that 
the Raman spectrum of a crystal may depend on the orientation of the crystal 
with respect to the direction of illumination.** 


> 
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THE PERIODATE ION, 10, 


The Raman spectrum of crystalline potassium periodate, K104, has been 


studied.4? The strongest lines lie at 795 (10) and 842 (3) cm.* 


The de- 


generate frequencies of the tetrahedral ion are split in the spectrum of the 
crystal, and Venkateswaran” observed 8 Raman shifts. His assignments for 


the fundamental frequencies of the ion are as follows:- 


Va [Oa Py ebae Chie 
Ua 200 eat aD 
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PARAPERIODIC ACID, 1,10, 


The ultra-violet absorption spectrum of aqueous solutions of paraperiodic 
acid shows a characteristic maximum at 2250 A. in the absence of interfering 
ions. The variation of the absorption with pH is interpreted’ in terms of the 


equilibria:- 
HO, = HlO a Hy K, = 2-30 x 107? 
HO, = H,IO,- + tat K, = 4-35 x 10° 
HO. = HIOA +s K, = 1:05 x 10748 
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SECTION XXXVII 


THE ANALYTICAL DETERMINATION OF IODINE, 
IODIDE, HYPOIODITE, IODATE AND PERIODATE. 


By L.A. HADDOCK 


THE VOLUMETRIC ESTIMATION OF IODIDES 


The volumetric determination of iodides follows in general the pattern 
outlined for chlorides or bromides, so that in most cases it is not possible to 
determine these ions, whenpresent together, by any direct and simple titration. 
Many workers, however, have determined I in presence of Br or Cl’, or 
both of these ions, by oxidizing the iodine to IO, with chlorine, boiling off 
the bromine and excess of chlorine, and then allowing the iodate to react 
with potassium todide in acid solution, whereby iodine equivalent to the 
IO, and hence to the I originally present is liberated. The original method, 
attributed to Winkler, has subsequently been modified and subjected to 
numerous limitations. Thus, if chlorine is used for the initial oxidation and 
if bromides are also present, the magnitude of the error is proportional to 
the hydrogen-ion concentration at which the oxidation is performed. Bleach- 
ing powder is therefore recommended for the oxidation and succinic acid for 
the subsequent acidification, so that IT may be determined in presence of 
10 parts of Br.*- To overcome the interference caused by the presence of 
excess of Br, a large excess of chlorine may be used for the oxidation, 
followed by the addition of potassium bromide and phenol to remove liberated 
bromine. The iodate produced may be titrated in the usual way with thio- 
sulphate after the addition of potassium iodide and 20% phosphoric acid. 
Bromine or hypobromites may be used for the oxidation instead of chlorine.’ 
The method may be modified by adding to 50 ml. of solution 25 ml. of acetone 
and enough 50% sulphuric acid to make the solution 2-5 N. in acidity, and 
then titrating with 0-lN-potassium iodate solution using starch paste as 
indicator. The titration is based upon the reaction 


2HI + HIO, + 3C,H,O ——> 3C,H,IO + 3H,0. 


Under suitable conditions hydrochloric and hydrobromic acids are not oxidized? 
The importance of establishing an optimum hydrogen ion concentration for 
accurate iodate~iodide titrations in presence of Cl” or Br has been emphas- 
ised,* and it has been shown that with suitable precautions iodide may be 
determined directly in the mixed halides ot photographic emulsions.’ Titration 
with iodate may be carried out in presence of excess of hydrochloric acid. 
To about 0-5 g. of a metal iodide add 10 ml. of water and 40 ml. of hydro- 
chloric acid (d1-16) followed by 0-1N-potassium iodate (10-701 g. KIO,/1.) 
until most of the free iodine disappears. While the liquid is still brown, 
add 5 ml. of chloroform and shake after the addition of each drop of iodate 
solution until the pink colour in the chloroform disappears; the supernatant 
liquid is coloured bright yellow by iodine monochloride.® Alternatively, if 
excess of iodate be added to an iodide solution acidified with phosphoric 
acid, the liberated iodine may be boiled off and the residual iodate measured 
by adding potassium iodide and titrating the iodine then liberated.’ 


937 Refs. p. 951. 


938 IODINE oy 


Further details, such as the necessity for buffering the solution suitably 
before measuring the IO, formed by oxidation, have been discussed.®*® It has 
been observed that He liberation of iodine from an iodide-iodate mixture 
varies with the type and quantity of acid added.*® In this connection it has 
also been noted that errors of about 0:5% are possible in dissolving iodine 
in alkali hydroxide and liberating the halogen again by means of acidification, 
and that with very weak solutions the error may even be as great as 5%." 

Another method proposed for the estimation of iodide is based upon the 
formation of cyanogen iodide which is less ionized than hydrogen cyanide.’ 
In the presence of acid and an oxidizing agent, iodine reacts with hydrogen 
cyanide until it is completely converted into cyanogen iodide 


IL+HCN = ICN+H°+Ir 


An estimation of the quantity of iodine (or I.) present may be based upon the 
volume of oxidizing solution required to effect the oxidation to cyanogen 
iodide, or since it reacts with thiosulphate as follows: 


ICN + 25.07 + H* ——+ T+ HCN +S077 


the quantity of cyanogen iodide may be measured by titration with thiosulphate. 
I ang** describes a.large number of variations of this type of titration. If 
the disappearance of the violet colour in carbon tetrachloride is taken as the 
end-point, 0-1 mg. of I” may be titrated by this method with an accuracy of 
1%.** Other modifications permit the direct determination of iodide in the 
presence of many heavy metals,** including iron.** The method is considered 
to be sufficiently accurate for the standardization of permanganate or thio- 
sulphate. *® 

In acid solution, IT may be oxidized to iodine by means of a wide variety 
of oxidizing agents, and numerous methods of analysis are based upon this 
fact. Potassium permanganate in dilute sulphuric acid has been used. Pre- 
Cipitated manganese dioxide and excess of permanganate -are removed with 
oxalic acid and the liberated iodine is titrated with thiosulphate in the 
presence of carbon tetrachloride. If much Br or Cl is present, formic acid 
is added immediately after the addition of oxalic acid.’” If the iodine pro- 
duced during the titration is removed by solution in a layer of ethyl acetate, 
adirect titration with potassium permanganate may be made.’® In the presence 
of acetone and sulphuric acid an aqueous solution of an todide may be 
titrated with 0-1N-potassium permanganate until a pink colour persists.*° 
Iodide in 0-01—0-0001N. solution in the presence of a large excess of Cl’ or 
Br may be titrated with permanganate in hydrochloric acid solution. The 
iodine is finally oxidized to iodine monochloride, and the disappearance of 
the colour of the iodine from a chloroform extract may be taken as the end- 
point. If much Cl is present, a manganese dioxide emulsion oxidizes all 
the IT to iodine monochloride which reacts with thiosulphate as if it were 
iodine.? 7* Iodine liberated from sulphuric acid solution by permanganate 
may be measured colorimetrically after extraction with carbon tetrachloride.” 
The use of bromoform rather than chloroform helps to hasten the separation 
of the dispersion produced in the aqueous layer.** The liberation and 
distillation of iodine after treatment with ferric chloride has been proposed. ‘t 
The authors state that the method is accurate, but earlier workers”* noted 
a tendency for iodine and steam to react and form hydrogen iodide. 

Ceric sulphate has been used to liberate iodine quantitatively from 
iodides and the end-point may be observed potentiometrically.7® This 
reagent can also be used in a titration employing the colour change of o- 
phenanthroline-terrous sulphate indicator, iodine formed by oxidation of IT” 
being eliminated by the catalyzed iodination of acetone.27 Iodide ion in 
3N-hydrochloric acid may be oxidized to iodine monochloride by means of a 
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mixture of chloramine-T and sodium perborate added from a burette until 
the colour of the carbon tetrachloride present is no longer violet.*® Hydrogen 
peroxide has been suggested as the oxidant in a solution of known acidity: 


2r +H,0, + 2H* ——> I, + 2H,0. 


The change in acidity is measured by titration with caustic soda atter removal 
of tree iodine by means ot chlorotorm.?® The reaction 


PHN@. th 2h = H.O +1, + 2NO,, 


followed by titration of the free iodine with sodium thiosulphate, may be 
used for the determination of I, but to avoid side effects due to the presence 
of oxygen and nitrogen peroxide, it is advisable first to add urea and then 
to expel air with carbon dioxide before acidifying the solution.*®° The method 
has been criticized as giving uncertain results owing to the formation of 
hypoiodite. In a modified procedure, therefore, the iodine formed on addition 
of sodium nitrite and sulphuric acid is completely extracted with chloroform 
and then titrated with standard sodium sulphite solution after addition of 
sodium bicarbonate. ** 

Numerous refinements both in types of indicator and in operating condi- 
tions have been suggested for the direct titration of iodides with silver 
nitrate. Starch is considered a better protective colloid than gum arabic 
for holding silver iodide in colloidal suspension, and the following procedure 
is recommended.*? To 25 ml. of iodide solution (0-1N) are added 1 drop of 
0-1N-potassium iodate and a few drops of 4N-sulphuric acid, followed by 
starch paste and 5—10 ml. of 2N-ammonium carbonate; the solution is then 
titrated against 0-1N-silver nitrate, shaking vigorously after each addition 
of silver, the precipitate changing from grey to pure yellow at the end-point. 
It is claimed that moderate quantities of bromide or chloride may be present 
without causing interference,** although other workers find that some chloride 
but no bromide may be present during the titration.** This technique has 
been applied to the examination of solutions containing both iodine and 
potassium iodide.** A modification of the procedure is based upon pre- 
Cipitation of silver iodide in nitric acid solution with a measured excess 
of silver nitrate: the precipitate is filtered off and excess Ag* is titrated 
against potassium iodide solution to a Pomane ns blue-green colour with 
starch in presence of Ce as indicator.*° 

Attempts have been made to provide Suitable adsorption indicators which 
may be used for titrating iodides with silver nitrate, particularly when 
chlorides or bromides are also present.. The use of Rose Bengal or dimethyl- 
diodofluorescein was originally proposed by Fajans. Using eosin in a 
solution containing ammonium carbonate, 40 mg. of potassium iodide in the 
presence of 1 g. of potassium chloride may be titrated with an accuracy of 1%. 
Eosin cannot be used similarly in the presence of bromide, but in this case 
starch iodide may be used. as indicator.*”7 Eosin or Congo red has been 
recommended also by others.** It has been pointed out that when titrations 
are made using substituted fluoresceins , including Rose Bengal, as indicators, 
the solution must be violently shaken in a stoppered flask during the addition 
of silver nitrate; in this way, the error does not exceed 0-3—0-4% in titrating 
1 g. of potassium iodide in presence of chloride.*? Numerous adsorption 
indicators have been proposed for the titration of iodides argentometrically 
in slightly alkaline solutions.*° Among the dyestuffs proposed, which are 
generally suitable for T but not for Br or Cl’, are “Diaminechtbordeaux 6 
BS” and “Diaminechtviolett B.B.N.” (Cassella),” “Diaminbrillantblau G,” 
"Siriusblau F3R,” and “Siriusrotviolett B” (I.G.),** and also the corcatled 
“multiform” indicator p-ethoxychrysoidine which can be used as an acid-base, 
oxidation-reduction or adsorption indicator.** The colour changes with pH of 


the adsorbates of p-ethoxychrysoidine on silver iodide have been discussed. by 
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Cinchonine bismuth nitrate, which forms a red compound, C,,H,,N,0,HBil,, 
may also serve as an indicator. The reagent is made by dissolving 2-33 g. 
of bismuth oxide in 10 ml. of hot concentrated nitric acid and diluting this 
slightly with water; 2-94 g. of cinchonine are then added, the solution is 
diluted to 100 ml. and 0-1 g. of urea is added to destroy any nitrous acid. 
The iodide solution containing a little of the reagent is titrated at pH 4 with 
silver nitrate until the red colour disappears and only the pale yellow pre- 
cipitate of silver iodide remains: the results averaged 0-5% low.*® a-Naphtho- 
flavone has been used as a fluorescent indicator for the titration of iodine 
in ultra-violet light,*® and the adsorption indicators proposed for use in the 
titration of chlorides are often suitable with iodides. Diphenylcarbazide 
has been used as indicator in the mercurimetric titration of [: 12—126 mg. 
of I are titrated with mercuric nitrate in 50—100 ml. of solution containing 
2 ml. of 2N-nitric acid and 7 ml. of 10% aqueous pyridine to remove mercuric 
iodide. *” 

Iodide may be titrated oxidimetrically with sodium hypochlorite at pH 
6-5 —7-5, the pH being adjusted at intervals during the titration by the addition 
of sodium dihydrogen phosphate.*® Ozone has been proposed as a reagent 
for the oxidation of I” to periodate. About 0-2 g. of I” or IO, in 100 ml. of 
water containing 2 g. of caustic soda are aerated with an ozonized air stream 
for 30 min; excess of ozone is then removed by blowing with nitrogen and the 
periodate produced is titrated with thiosulphate or arsenite.*° 

A qualitative test for iodide may be made by treating an aqueous solution 
with excess of mixed hydrochloric and sulphurous acid solutions when as 
little as 0-5 mg. of IT will produce a yellow coloration, possibly due to iodo- 
sulphinic acid, which may be extracted by many organic solvents such as 
amyl alcohol. Chlorides and bromides do not react in this way.*° A catalytic 
test depends on the fact that o-nitroaniline, its isomers, and other aromatic 
primary amines, form diphenyl derivatives with monobromobenzene in the 
presence of iodide and thereby liberate hydrogen bromide. By carrying out — 
‘the test under strictly controlled conditions with a suitable blank, it is 
possible to detect, by a comparative colorimetric procedure, the formation of 
bromide resulting from the presence of 0-05 pg. of I in one drop of solution.™ 
Filter paper impregnated with 0-1N-silver nitrate solution and dried gives 
a yellow spot when a drop of solution containing I is placed on it: if Br and 
Cl” are also present they are not precipitated with the iodide but in different 


zones, and 5 pg. of I can thus be detected in the presence of the other 
halides. *? 


THE ELECTROMETRIC ESTIMATION OF IODIDES 


The oxidopotentiometric titration of iodide may be carried out in the 
presence of Cl” and Br’, as a sharp change in potential occurs when all the 
iodine has been liberated by an energetic oxidizing agent such as potassium 
dichromate in hydrochloric acid solution:**°* other reagents proposed are 
potassium bromate or iodate; permanganate is less suitable as it may oxidize 
some iodine to iodate, though later work has shown that under suitable 
conditions it may be used for this titration,* especially in a sulphuric acid 
solution. Others have confirmed this fact and titrate iodides in a similar 
manner in presence of carbon tetrachloride to remove the liberated iodine: 
e.m.f. is plotted against volume of standard solution, and a simple method of 
using the plot has been outlined.** Jodides may also be oxidized with 
permanganate to iodine monochloride, but the reaction, which may be followed 
potentiometrically, requires twice as much permanganate as does the oxidation 
to iodine.*” A similar technique is effective in the presence of large amounts 
of chloride and bromide. Two platinum electrodes, one dipping in the solution 
to be analysed and the other in an aqueous solution of bromine and potassium 
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bromide, are connected electrolytically by the usual potassium chloride 
bridge. To 50—100 ml. of solution to be tested are added 20—30 ml. of 
concentrated hydrochloric acid and 25 ml. of carbon tetrachloride, and the 
solution is titrated against 0.]N-potassium permanganate.*® It is said that 
0-O1N-potassium iodide may be titrated in this way in the presence of four 
times as much potassium bromide or 100 times as much potassium chloride.*° 
The reaction between IO;, I’ and hydrochloric acid, whereby iodine mono- 
chloride is formed, may also be followed potentiometrically with a similar 
electrode system.™ 

Iodides may be titrated in acid solution with iodates and the colour 
change measured photoelectrically.“ Iodides may also be titrated conducto- 
metrically with lead nitrate, even in the presence of chlorides or bromides, 
but the end-point is not easy to observe.®? Iodide can be estimated by a 
coulometric titration with electrolytically generated bromine using an ampero- 
metric end-point, I” being oxidized to IBr; in 2N-hydrochloric acid and 
O-I1N-sodium bromide. The indicator current increases to a maximum near 
the time corresponding to oxidation to iodine, then passes through a minimum 
near the IBr, equivalent point and finally increases linearly with the con- 
centration of excess Br, produced. The equivalence point is found by 
extrapolating this final segment to zero current, and 13 pg. I can thus be 
determined within + 2%.°° 


DETERMINATION OF FREE IODINE AND OF HYPOIODITE 


The reaction ofiodine with thiosulphate is extensively used for measuring 
the quantity of iodine present in a solution. In an acid solution, I interferes 
with this titration owing to the reaction of thiosulphate with hydriodic acid, 
but if potassium thiocyanate instead of iodide is used to dissolve the iodine, 
the titration may be conducted in the presence of air as the concentration of 
I” then becomes so low that the error due to its oxidation is negligible. 
In titrating acid solutions of iodine it is advisable to add a phosphate or 
borate buffer solution, and it is also pointed out that, as iodine is lost by 
evaporation from drops unless precautions are taken, the iodine solution 
should not fall through more than 1 cm. of air.°° If an alkaline solution of 
iodine is titrated with thiosulphate the results are low owing to the formation 
of hypoiodite; but a large excess of sodium bicarbonate causes an opposite 
error and the concentration of this salt should not be more than normal.°° 
Some workers find that the use of bicarbonate, sodium dihydrogen phosphate 
or borax in this titration gives variable and low results and suggest the use 
of calcium carbonate to neutralize any acid present.®’ Cthers do not entirely 
endorse these views and find that buffering with bicarbonate, borax or acetate 
is satisfactory:®* they also point out that buffering is less important when 
arsenite solution is used in place of thiosulphate. When thiosulphate is 
added to iodine in the presence of one or two inert electrodes an end-point 
is obtained owing to polarization or depolarization and the current becomes 
zero. This is the so-called “dead-stop end-point”.°»°* The oxidation- 
reduction potentials of the system thiosulphate-tetrathionate obtained by 
means of iodine and the limits of the tetrathionate region of thiosulphate 
oxidation have been studied.” 

An acidimetric determination of iodine has been proposed: an aqueous 
solution of iodine is treated with silver nitrate and the nitric acid in the 
filtered reaction mixture is titrated with alkali:”»” 


5Ag* + 31, + 3H,O ——> SAgl + 10; + GH’. 


Sodium acetomercurithymol sulphonate, which is readily obtained in a pure 
state and has a high molecular weight, reacts with iodine with displacement 
of the acetomercuric group and the end-point is indicated by starch. It is 
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claimed thatthe results with this method are more accurate than those obtained 
with arsenite.”* Titanous sulphate reacts with iodine in dilute solutions 
and this may be applied in the following way: to 15 ml. of solution containing 
about 0-1 g. of iodine, 30 ml. of 0- 033N-Titt* solution are added, a stream 
of carbon dioxide being passed through the system; after keeping the tem- 
perature at 50°C. for 5 min., the solution is cooled and titrated with 0-033N- 
Fe solution in the presence of CNS” as indicator.” 

The starch-iodine reaction for the detection and estimation of free iodine 
has been the subject of muchresearch.. It is said that 0-0005—0-005 mg. of 
iodine per ml. of solution may be determined by this reaction.”* In acid 
solutions the reaction is inhibited by nitrite, but the presence of thiocyanates 
prevents the inhibiting action.”* A study has been made of the numerous 
factors which change | the sensitivity of the reaction.’”° The presence of 
traces ofijhigutacor Ag” causes the blue colour to disappear and change to 
yellow.’’ The accuracy of the starch-iodine colorimetric method has been 
confirmed.’* The starch solution should first be saturated with iodine to 
destroy reducing substances; the maximum colour is obtained when 40 mg. of 
starch is present per mg. of iodine. The dissociation of the starch=iodine 
compound is the most important source of error in the colorimetric deter- 
mination of iodine.”’ 

Dilute solutions of iodine K3 mg.) may be shaken with carbon tetrachloride 
to extract the iodine: the extract is transferred to a flask with 50 ml. of 
1% potassium iodide and enough hydrochloric acid to make the solution 
about 0-OOIN., and is then titrated with 0-004N-sodium thiosulphate until 
the carbon tetrachloride is almost colourless, the titration being finished 
after the addition of starch.°° When iodine is determined colorimetrically in 
chloroform solution, low values are obtained in the presence of sodium, 
magnesium and calcium chlorides, but not with the sulphates.* In titrating 
small quantities of iodine with thiosulphate it is advantageous to work in 
ultra-violet light with a two layer system obtained by mixing acetic acid, 
‘water and chloroform, a suitable fluorescent dyestuff such as purified thioflavin 
being dissolved in the chloroform. The chloroform does not fluoresce with 
full brilliance until all the free iodine has disappeared and by using this 
end-point as little as 25 wg. of iodine can be titrated. * 

Numerous reagents have been proposed for detecting and determining 
iodine, but few are reasonably specific. At a dilution in which the starch 
and chloroform reactions are negative, iodine gives a dark yellow colour 
with palladous chloride, but bromine behaves similarly.**. 2:7-Diaminodi- 
phenylene oxide in acetic acid gives a blue coloration with iodine and with 
most other oxidizing agents.** Benzidine acetate behaves similarly and 
for iodine is sensitive to 1 in 26 x 10*.%° In neutral solution (pH 6-5 —7-5) 
iodine gives with fluorescein an orange pink di-iodofluorescein proportional 
to the amount of iodine present: as this compound is non-fluorescent, the 
loss in fluorescence may be used as a measure of the iodine originally © 
present. It is possible to detect 30—150 pg. of iodine colorimetrically, 
whilst tluorometrically one can detect 2—25 pg. or even 1—10 pg. under 
special conditions. ° 

Free iodine may be determined by means of its depolarizing action on an 
electrode,*”? and the technique has been applied to measuring the iodine 
liberated from acid potassium iodide by the manganic hydroxide formed from 
oxygen present in boiler waters.** A so-called “iodine meter” based upon 
similar depolarization effects serves to measure 0-001 pg. of iodine in 1 ml.* 

Hypoiodous acid in solution may be measured by means of its reaction 
with phenol. Two portions of the acidified solution are taken and to one 
phenol is first added: both are then treated with potassium iodide and the — 
liberated iodine is titrated. The difference between these titrations cor- 
responds to the hypoiodous acid present: HIO + HI ——~> I, + H,O.”° 
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THE DETERMINATION OF IODATE 


The classical method fer the determination of iodate depends on the 
reaction IO, + 51° + GH* ——> 31, + 3H,O. By viewing the solution to be 
titrated in a 40 cm. long tube painted black on the sides and illuminated by 
means of a 150 watt blue bulb, 0-3 pg. of iodine gives a noticeable colour in 
15 ml. of solution and so gives a very satisfactory end-point on titration with 
thiosulphate.*? Several electrometric methods of determining iodate, some 
of which depend upon the above reaction, have been proposed?” If oxidizing 
acids are titrated potentiometrically in the usual way, there is a danger that 
some reduction may occur at the same time. This difficulty is overcome by 
using as anode a thin platinum wire freshly coated with some gold sponge, 
and connected by a potassium nitrate salt bridge with a calomel electrode. 
When iodic acid is titrated with caustic soda solution, the end-point is 
reached with the complete formation of sodium iodate, without any indication 
of the formation of the acid salts.”* The reaction 


IOUHGH” OS => e350 + 3H,0 


may be followed by conductometric titration, using a strong acid as titrant.”° 
Iodate may also be titrated electrometrically against silver nitrate in an 
aqueous methanol solution from which silver iodate is precipitated.%” 

Of the chemical methods proposed for the determination of iodates, the 
reaction 


2NalO, + 3N,H, ——> 2Nal + 6H,O + 3N, 


has been put on a micro scale by measuring the nitrogen evolved in the 
manometric apparatus of Van Slyke and Neill.** The estimation of iodate 
by precipitation of silver iodate is usually unsatisfactory because of the 
partial solubility of the precipitate, but a large excess of silver nitrate 
reduces this solubility sufficiently to allow the method to be used.?? From 
a solution of benzidine acetate iodates precipitate an insoluble benzidine 
bi-hydriodate (solubility about 0-03 g./l.) which can be dried and weighed,*™ 
though the method is not as precise as titration with thiosulphate after adding 
acid potassium iodide solution. The reaction with iodide is used with 
various slight modifications for the determination of iodates in the presence 
of iodides.*%» *°% *°3 By measuring the liberated iodine colorimetrically in 
chloroform, even 0-008% of potassium iodate in the iodide may be estimated’™ 
_ Iodate may be detected in the presence of periodate by removing the major 
part of the latter as potassium periodate and then precipitating IO} with 
silver nitrate in the presence of dilute nitric acid.*°* For the quantitative 
separation of iodates and periodates the following procedure is proposed. To 
100 ml. of solution containing 10—100 mg. of potassium iodate and 10 —100 
mg. of periodate are added 2 ml. of 10% ammonium chloride solution and 2 ml. 
of concentrated ammonia solution: the mixture is heated to the boiling point, 
2 mi. of 10% zinc acetate solution ate added, and the zinc periodate is 
filtered off after the solution has been kept at room temperature for half an 
hour. The precipitate is dissolved in hydrochloric acid and after addition of 
potassium iodide, the liberated iodine is titrated: the filtrate from the zinc 
periodate is treated in the same manner for the determination of iodate.*°° 
Sodium thiosulphate, even at low concentrations, reduces iodates in 
acid solution, but its action of BrO, or ClO; is much less. To 4—5 ml. of 
solution 1n a test tube are added 2—3 drops of starch solution, 5—6 drops 
of dilute sulphuric acid and 1 drop of 0+5% sodium thiosulphate solution: if 
iodate is present a blue colour is produced and 0-05 mg. of potassium iodate 
may thus be detected in 10 ml. of solution in presence of 0+1 g. of potassium 
chlorate or bromate. The method may be varied by covering the mixture 
with 1 = 2 ml. of 05% sodium thiosulphate solution, so that a blue 
ring appears at the junction of the two solutions if IO, is present. It is 
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possible in this way to detect IO; in presence of ClO}, Cl", PO;Z~, ClO, 
Fe", Cu’, Cr,0,, MnO{, etc.*°? The same method may be used with a 
small amount of chloroform in place of starch solution, so that the liberated 
iodine acts as its own indicator,!°® while with suitable modifications the 
procedure can be made quantitative.*°” This may be done by suitably buffer- 
ing 20—30 ml. of solution containing 2—3 milliequivalents of iodate, adding 
2 g. of potassium biphthalate and 3 g. of potassium iodide: the liberated 


iodine is titrated after 3 minutes. Chlorate and bromate do not interfere, but 


may be determined subsequently by adding hydrochloric acid and molybdate 
catalyst."4° JIodate may be detected in presence of ClO; and BrO} by means 
of the coloration resulting from the oxidation of pyrrole in presence of con- 
centrated phosphoric acid.*! 

Several tests are available for detecting the presence of iodate ions, 
including microchemical crystalline tests withthallous acetate}? or nitrate. 
If a drop of 0-1 M-mercurous nitrate solution is added to a solution containing 
more than 0-03 mg. of iodate, a white precipitate of mercurous iodate is 
formed, but it is soluble in excess of the reagent.*** Iodate ion reacts with 
pyrogallol in acid solution oxidizing it to red-brown purpurgallin, and ClOj, 
ClO,, NO, and Fe*** (in presence of oxalic acid) do not interfere: S,O, and 
BrO, produce different colours, while T, CrO} and Cr,O7 interfere.*** 


THE DETERMINATION OF PERIODATE 


Polyalcohols of the type [CH(OH)],(CH,OH), (n varying from 0 to 4) 
reduce (n + 1) HIO, to iodic acid with formation of 2 mols..of formaldehyde 
and n mols. of formic acid. The reaction is quantitative and may be used 
for the determination of periodic acid in presence of iodic acid.4*® Sodium 
and potassium periodate resemble periodic acid in oxidizing polyalcohols 
having two adjacent hydroxyl groupings, but react more slowly. Moreover 


K,H;10,, like boric acid, appears to form additive compounds with poly- | 


alcohols, whereby the oxidation is facilitated.**” At pH 4-4—7 the iodine 
liberated from potassium iodide in the presence of a mixture of iodate and 
periodate corresponds to the periodate reduced to iodate, but after the 
solution is made more acid the iodate also reacts with the iodide.**%** 


The ion IO, may be reduced to IO, by treatment with sodium arsenite in 


a solution buffered with sodium bicarbonate containing potassium iodide as 
catalyst, and the excess of arsenite may then be titrated with iodine in the 
usual manner.*?° Paraperiodic acid, H,IO,, may be determined by heating 
it with potassium iodide and hydrochloric acid for 15 min. at-60°C. The 
investigators of this method also record the details of changes involved on 
heating paraperiodic acid in vacuo to form metaperiodic acid HIO, or dimeso- 
periodic acid H,I,0,.*7* The changes in equilibria of the periodic acids in 
aqueous solution have been followed by observing the extinction coefficients 
in the ultra-violet region as a function of pH.*?* With periodates in dilute 
acetic acid solution, zinc acetate gives a white precipitate of Zn,(IO,), 
which is readily soluble in dilute mineral acids: when dissolved in nitric 
acid it gives with silver nitrate a yellow precipitate soluble in excess of 
“nitric acid. Iodic acid does not react in this way.*”* 


THE MICRO DETERMINATION OF IODINE 


' The micro determination of iodine has in the main been carried out by 
one of three methods, namely (1) by oxidizing iodide to iodate and then 
adding potassium iodide to an acid solution and titrating the liberated iodine; 
(2) by liberating free iodine from an iodide and subsequently determining it 
colorimetrically; or (3) by means of the catalytic effect of iodine ion onthe 
course of several reactions A very extensive literature has been built up 
dealing with these three methods. 
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For the first method various specific oxidants have been proposed. One 
commonly used is potassium permanganate,***~*?® the iodide being oxidized 
in hot alkaline solution and excess ot permanganate destroyed by means of 
oxalic acid, sodium perborate, or sodium nitrite. The use of chlorine water 
or alkaline hypochlorites, such as those of sodium or calcium, is equally 
common:*7°" 49 excess chlorine may be boiled off after the oxidation is 
complete and heating will decompose excess of hypochlorite; though some 


workers preter to remove hypochlorites with reducing agents such as sodium 
formate. 


The third generally approved oxidizing agent is bromine,**®”**° excess 


of which may be readily removed by boiling or blowing with air,though some 
workers prefer to remove it with alkaline formaldehyde or with free formic 
acid. 

Iodine imparts a pink or red colour to many organic liquids and a lengthy 
series of colorimetric methods. has been proposed which are all dependent 
on this reaction.*****®*. The usual solvents for iodine are xylene, chlorotorm, 
carbon disulphide and carbon tetrachloride. The iodine is liberated prefer- 
entially by means of nitrite in acid solution but excess of nitrite should be 
destroyed by means of urea or hydrazoic acid. For very small amounts of 
iodine, carbon disulphide is considered to be the best solvent.**? The 
most widely used colorimetric method which is not based upon solvent 
extraction makes use of the starch iodide coloration, but other colorimetric 
tests have been proposed. Thus iodine oxidizes an excess of hydroxylamine 
in sulphanilic acid to form a diazonium salt which when coupled with a- 
naphthylamine forms a red dye whereby 1 pg. of iodine may be determined 
with an accuracy of 2%.*®* Thiofluorescein, which is colourless in acid and 
blue in alkaline solution, with maximum absorption at 5850A., is oxidized by 
one atom of iodine per mol. in acid solution and by 2 atoms in an alkaline 
solution, the product being colourless in either medium. Thus 10°°g.-atom 
(1-27 pg.) of iodine in 10 ml. viewed through a 1 cm. layer can easily be 
detected.*®° Another reagent is o-tolidine, which gives a blue-green color- 
ation with iodine and will detect 10 yg. in 15 ml. of water: iodate may be 
reduced to iodide with hydrogen sulphide and the iodine then liberated with 
_ hydrogen peroxide.'© 

The catalytic effect of minute an:ounts of I is illustrated by its action on 
the reaction between arsenious acid and ceric sulphate in sulphuric acid 
solution.*®”7~*75 Thus the yellow colour of Ce in the mixture persists tor 
2—4-days atroom temperature, but disappears within a few minutes in the pre- 
sence of 1—2 pg. ot I. The only other ions which have a comparable ettect 
are osmium andruthenium, but there are still others which will intertere it pre- 
sent in much larger amounts. (The catalytic ettect of osmium is not inhibited 
by Hg and in this way osmium and iodine nmiay be distinguished). The 
quantity ot. present may be determined by observing with a stop watch the 
time required for discharge of the yellow colour due to Ce’ ' Full details 
have been given for carrying out this test:**** The method has been exten- 
sively used to measure a few hundredths of a pig. of I in blood serum, tissues, 
etc. with a standard error of less than 1+5 pig. per 100 ml. Nitric acid may be 
used in place of Ce**** as the oxidant and alkaline silver nitrate is used to 
detect the oxidation, a red-brown precipitate of silver arsenate showing the 
presence of iodine whereas in its absence the precipitate is yellow. This re- 
action will detect lpg. of Y at a dilution of 1 in 50,000?” The slow decolori- 
zation of methylene blue in 2 N-hydrochloric acid by means of sulphur dioxide 
is catalyzed by I” and quantities up to 4g. may be estimated by measuring the 
degree of fading.*””? Another such method depends on the catalytic formation 
of lead arsenate: if the test solution is treated with 2 drops of M-sodium 
arsenite, 7 drops of M-nitric acid 1 drop of M-lead nitrate, and then 1 drop 
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of 6 M-sodium nitrite and allowed to stand for 10 min. with occasional stirring, 
the formation of a white precipitate indicates the presence of I and 0.2 pg. 
may be detected at a dilution of 1 in 500,000.*7* A general method of meas- 
uring catalytic activity has also been described. For iodine, the foregoing 
reaction between ceric salts and arsenite may be used, the relation between 
potential change measured by a platinum electrode immersed in the solution 
and the time being plotted against quantity of iodine.*” 
Much work has been done on the direct and the indirect micro-titration of — 
, jodine. Thus iodine may be precipitated with mercuric perchlorate on a sil-_ 
ver electrode;*®° or'the formation of iodine cyanide may be used, | 
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a little chloroform being added and the solution titrated in a stoppered bottle © 
from a micro-burette until the solvent layer is colourless.*** The method of 
Andrews, whereby I is oxidized to iodine monochloride by iodate in presence © 
of much ‘hydrochloric acid, has been adapted to a micro-scale.*®* Micro ti- — 
trations can serve for estimating free iodine, I, IO} and IO, when present 
together: IO, will liberate iodine on adding boric nad and potassium iodide, | 
whereas IO, reacts only when hydrochloric acid is used in place of the bokie | 
ACiC ae In this paper the relevant literature is surveyed critically. 

The starch iodide method for determining traces of iodine has always | 
been very popular and many papers have been published on its application. 
A modified procedure has been described.*** The criticism that the reaction 
is unreliable for the determination of iodin¢*** has been refuted.**® Some | 
brands of filter paper contain sufficient starch to be used as indicator papers | 
for the reaction: if a drop of 2N-acetic acid is placed on such paper and to — 
the centre of the spot is added a drop of the solution to be tested followed by 
one drop of O +1 N-potassium nitrite solution, 0°025 yg. of can be detected.*®” 
To destroy excess of nitrites, hydrazoic acid is often used, as it does not 
reduceIO; or teact with iodine during a titration.**® A aril has been made 
of the starch iodide coloration using a photoelectric colorimeter.**® 

The determination of traces of iodine in presence of other halides is dis- 
cussed more fully elsewhere (pages 948-950), but certain broad principlesare 
outlined here. Jodide may be titrated againts mercuric nitrate, prepared by 
dissolving 0°2775 g. Hg(NO;),,0°5H,O in 1 litre of 2% nitric acid and stand- 
ardizing against ammonium chloride, sodium nitroprusside being used as in- 
dicator.*°° By combining this procedure with Winkler’s method of converting 
the I” to iodine monobromide, using carbon tetrachloride as indicator, it is 
possible to determine I” in the presence of other halidés.** Microchemically 
iodide may be detected by mixing a drop of sample solution with a drop of a 
mixture (1:4) of aniline and sulphuric acid and a little solid potassium di- 
chromate, when the presence of iodide is shown by the formation of crystals 
of the periodide, GPhNH,,3H,SO,,HI,l,, observable under the microscope; Br 
and Cl” up to 275 and 600 times the amount of the iodide do not interfere.*” 
Traces ofI” can be extracted from large masses of salts by solution in ethanol 
as described by von Fellenberg, iodates being first reduced to iodides, prefer- 
ably by hydrazine sulphate or hydrate in hot potassium carbonate solution. 2 

Numerous papers have appeared on the micro-determination of iodine in 
organic matter, in many cases body fluids such as blood or serum. The 
normal procedures have been employed*?***5* but arecommended modification 
condenses by freezing the iodine evolved by combustion in oxygen.**® Num- 
’ erous workers prefer to destroy organic matter in a closed system using wet 
oxidation, tollowed by distillation of any liberated iodine. Sulphuric acid 
and hydrogen peroxide have been used as the oxidizing agent, 97 although 
some prefer the use of chromic acid.*°**°° © This oxidation is catalyzed by 
means of ceric sulphate, and the liberated iodine exists partly in the form of 
iodate which is subsequently reduced to iodide by means of arsenious acid, 
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which also reduces excess of chromic acid: the iodine may then be distilled 
into caustic soda or potash. There is said to be a danger that variable am- 
ounts of chromate may distil over with the iodine and cause erratic results.'% 
A series of comparative micro-determinations of iodine in blood showed no 
difference between values obtained by dry-ashing and by the wet oxidation 
method.*** Several published discussions deal with detailed refinements or 


give comprehensive references to the literature on the micro-determination of 
iodine 202= 206 


THE DETERMINATION OF IODINE IN ORGANIC MATTER 


The necessity for the determination of iodine in thyroid and its prepar- 
ations, and the importance of a knowledge of the iodine content of animal 
tissues, have stimulated the publication of many papers on these subjects. 
Three main trends are apparent inthe determination and the methods described 
can conveniently be grouped into wet oxidation methods, static combustion 
methods and dynamic combustion methods. 

Numerous techniques have been investigated for carrying out the wet ox- 
idation of organic matter. Thus sulphuric acid-hydrogen peroxide treatment 
allows iodine to be distilled off without danger of iodate formation because 
of the presence of sulphurous acid in the digestion mixture.”°? A mixture of 
sulphuric acid and chromic acid or metal chromate is sometimes used as a 
catalyst:7°*?"* in this case iodine is oxidized to iodate and must be reduced 
before it is distilled off, preferably with phosphorous acid or arsenious acid. 
A mixture of nitric, sulphuric and perchloric acids tends to liberate some 
free iodine while the remainder is converted to iodate. This occurs because 
perchloric acid reacts differently with iodides according to the temperature, 
and for this reason the vapour from the digestion must be condensed in an 
oxidant such as bromine water.7****7 Alkaline permanganate will also readily 
oxidize the organic matter and fix the iodine as iodate.***7?? — If perchloric 
acid with potassium chlorate and disodium hydrogen phosphate is used as the 
oxidation mixture, all the iodine is oxidized to iodate and numerous sub- 
sequent interferences are avoided.**° The Carius method for iodine is ac- 
curate provided that the solution is well diluted when the tube is broken open 
because silver iodide is appreciably soluble in silver nitrate solution.*” If 
80-180 pg. of substance is heated in a Carius tube with 5 ml. of 63% nitric 
acid and lg. of mercuric nitrate, the iodine is obtained as iodide which may 
be oxidized to iodate by the action of bleaching powder.”* It should be noted 
that bleaching powder sometimes contains a high percentage of chlorate. 
Some substances (0.2-0.5 g.) may be heated in a Kjeldhal flask with 0.4 g. 
silver nitrate, 3 g. of potassium persulphate and 10 ml. of concentrated sul- 
phuric acid, the neck of the flask being plugged with glass wool supporting 
sodium sulphite crystals. After about 90 minutes the mixture is cooled and 
diluted, the sulphite is destroyed with permanganate, the excess of the latter 
is reduced with ferrous sulphate, and the excess silver is titrated by the 
Volhard method.?** Some substances, such as thyroxine, readily yield their 
iodine to hydrazine,*** while others require the action of zinc dust and alco- 
holic caustic potash.?** 

Early work on the determination of iodine in thyroid by Kendall involved 
fusion of the organic matter with caustic soda in a nickel crucible, and such 
a fusion is the basis of numerous methods proposed subsequently.”°7** Iron 
oxide and similar interfering bodies are filtered off from the leached melt, this 
is subsequently treated with bromine to convert iodide to iodate, and after 
acidification with phosphoric acid, excess bromine is boiled off. Some 
workers prefertoheat the sample with sodium carbonate, either alone or mixed 
with potassium carbonate, while borax and potassium nitrate are sometimes 
added.7#*°*5° Fusion with a mixture of calcium oxide and soda-lime has been 
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recommended,*** or with calcined manganite which also oxidizes the organic 
matter.** Before titrating the liberated iodine with sodium thiosulphate, it 
is desirable to cool the solution in ice water to prevent loss by volatiliz- 
ation.** The sample (about 0.15-0.30 g.) with about 1 ml. of decalin may be 
ignited inacalorimetric bomb after adding 5 ml. of 2N-caustic potash solution: 
the iodine is oxidized to potassium iodate which is subsequently reduced to 
iodide with hydrazine,*™* 
It is recognised that simple ignition of organic matter in presence of an ox- 
idizing agent leads to partial formation of iodate, which will cause subsequent 
error either if potassium iodide is extracted from the residue with alcohol (in 
which potassium iodate is insoluble),*** or if the leached residue is acidified 
when iodine may be lost owing to the reaction between iodate and iodide.7>” 7° 
In the dynamic method of combustion the sample is burnt in a stream of 
air or oxygen, preferably in a silica tube. Some workers prefer to add lime 
or potassium carbonate to the sample prior to combustion, while a roll of 
heated platinum gauze helps to complete the reaction. Most of the iodine is 
evolved as the element which is absorbed in an alkaline solution and then 
estimated in the usual manner. | Some of the iodine may remain, however, 
in the ash as iodide or iodate?®"*7* It is claimed that all the organic iodine 
is volatilized while inorganically bound iodine remains behind in the ash, 
whereby a differentiation may be made which is valuable in the analysis of 
algae and kelp. though this differentiation is only approximately valid.?” 


THE DETERMINATION OF IODINE IN SALT, BRINE AND WATER 


The accurate determination of iodine in salt and natural waters has been 
much studied because of the medical interest in such information. In general, 
the procedure follows the lines of the micro-determinations of iodine in which 
iodine is liberated and extracted in an organic solvent for colorimetric meas- 
urement, or alternatively iodine is oxidized to iodate which is allowed to react 
with iodide in acid solution to liberate free iodine. Some workers prefer to 
extract with alcohol the potassium iodide which has deliberately been added 
to salt,?”*?"7 but others find it sufficient to dissolve 100-150 g. of the salt 
in water and to oxidize the iodide to iodate with hypochlorite or bromine 
water if the titration procedure is to be used, or to liberate iodine with nitrite 
if a colorimetric technique is preferred.?”*°° Errors may arise owing to the 
presence of manganic or ferric ions in the oxidized salt solution since these 
will themselves liberate iodine from acid iodide solutions. A solution of 
oxalic acid will inhibit the effect of manganic ions, while acidification of the 
iodate solution with metaphosphoric acid will inhibit the action of ferric ions. 
Any excess of bromine which may remain even after boiling may be removed 
by adding a little phenol.7?*"”"* The use of dioxan has been recommended for 
the liberation of free iodine from iodides in salt:7°*°* presumably it acts by 
reason of the peroxides usually present in it. 

Iodine in natural waters is similarly determined. It is pointed out that 
some iodine may exist naturally as iodate or may be oxidized to iodate when 
nitrite is added to the acid solution for the subsequent colorimetric estimation 
of the iodine.?°***? A review of the subject up to 1926 has been published.*™ 


THE DETERMINATION OF IODINE IN THE ATMOSPHERE 


A method of rapidly scrubbing a current of air through a small quantity of 
wash liquor, using the apparatus of Cauer, has been described: concentrations 
of the order of 1 pg. of a gas in 1 cubic metre of air can be measured and as 
little as 0.75 pg. of iodine was estimated.*°*°° The average concentration 
of iodine in the atmosphere is 0.3 wg. pert cubic metre. **” 
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THE DETERMINATION OF IODINE IN SOIL AND MINERALS 


The determination of iodine in rocks is usually carried out by submitting 
the ground material to alkaline decomposition. Some workers, however, 
report that it is possible to distil off all the iodine by treating the ground 
rock with concentrated sulphuric acid ar 220-230°C., while a stream of air 
is bubbled through the apparatus.*°* If 5-10 g. of soil is heated in a nickel 
boat in a silica combustion tube in an electric furnace at 850°C. the iodine 
may be driven off in a current of oxygen and absorbed in 10% caustic soda 
solution.*°? Other workers prefer to use 25-100 g. of soil and to absorb the 
iodine evolved in potassium carbonate solution. Most soils contain trom 3-8 
parts of iodine per million.**° A fusion method has been compared with the 
procedure of Andrew (ignition with potassium carbonate followed by extraction 
of iodide)**°* and with the above combustion method for soils; in most cases 
the fusion method gave slightly higher results. Pulverized soil (5 g.) mixed 
with caustic potash (15 g.) and a little water in an iron crucible is heated 
cautiously to decompose silicates and slaked in ehough water to forma sludge: 
a little sulphurous acid is added, the solution is acidified with hydrochloric 
acid and made alkaline again with potassium carbonate and filtered, the filter 
being well washed. The filtrate is evaporated until salts begin to crystallize 
and the iodide removed by extraction with ethanol and finally determined 
colorimetrically.*** The combustion method has also been criticized by other 
workers.*'* It is said that ignition of powdered coal and potassium carbonate 
results in loss of iodine, but that good results are obtained by heating 30 g. 
of finely powdered coal with 1.5 g. of potassium carbonate and 400 ml. of 50% 
alcohol for 8 hr. at 270-280°C. in an autoclave. The solution is filtered and 
evaporated to dryness, the residue being heated gently and extracted with 
water. The iodine content of coal in Europe varies between 0°85 and 11-17 mg. 
per kg.**? It is also said, however, that an optimum ratio of potassium car- 
bonate to coal must be used to get the best results, because excess carbonate 
causes a slight loss, while too little leads to a considerable loss of iodine. *** 


PHYSICAL METHODS OF ANALYSIS 


The high absorption of X-rays by iodine has been used to determine iodine 
in urine, the degree of blackening of a radiographic film being measured photo- 
electrically.*** Several miscellaneous electrochemical methods have been 
proposed for the estimation of iodine. Iodide ion has been measured by the 
electrocapillary method of D’yachkovski.*** Whena cell with platinum elec- ~ 
trodes connected to a galvanometer and filled with 0.1 N-potassium iodide 
solution is placed between the poles of an electromagnet (field strength 2,000 
gauss) a deflection is produced which increases ten times on adding a trace 
of iodine to the solution. The phenomenon is explained as an increase in 
the induced current strength due to depolarization of the electrodes by iodine. 
Similarly when an e.m.f. of a few millivolts is applied to the cell electrodes, 
the resulting current is increased twentyfold or more inthe presence of iodine, 
and concentrations which give no colour with starch can be detected.**” A 
simplified potentiometric method for the micro-determination of iodine has 
been developed and is stated to give satisfactory results.*** Iodine may be 
measured spectrophotometrically in potassium iodide at low concentrations. *”° 
It has high absorption peaks also in the ultra-violet region, so that toluene, 
benzene, or potassium iodide solution may be used as solvents: the sensit- 
ivity is increased by conversion to IO} and 0.2 pg. of iodine can thus be 
determined.**° The starch- iodide coloration may be measured in a spectro- 
photometer at 575 mp.°”* 

The halides as a group are readily separated from other ions by paper 
chromatography using butanol saturated with aqueous 1-5 N-ammonia as the 
eluant.*” 
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The use of radioactive iodine, I***, as an indicator in iodine analysis is 
increasing. After oxidizing any organic matter and then reducing any iodate 
produced to iodide, iodine is precipitated with palladous chloride, collected 
on a fritted disk, dried and counted. Recoveries of added radioactive iodine 
are about 99% and. an ultimate sensitivity of 4 microrutherfords is claim- 
ed.*?8~ 325 Jodine may also be counted as silver iodide and by Bray counting, 
concentrations down to 107*° curie/l. have been measured.*?® The iodine 
content of the thyroid gland is also measured in the living subject by direct 
@ ray counting using a Geiger counter placed opposite the neck.*?7~ *?° 


STANDARDIZ,ATIGN 


Hydriodic acid (or an acid solution of an iodide) has been proposed as a 
standard in oxidimetry because it may be titrated accurately with potassium 
permanganate using an electrometric end-point.**° 

Iodide ion in hydrochloric acid solution may be titrated accurately to 
iodine monochloride by means of permanganate, dichromate, iodate or ceric 
sulphate.*** A hydrochloric acid solution of iodine monochloride may itself 
be used for certain volumetric titrations. A stable solution is prepared by 
dissolving 5-54 g. of potassium iodide and 3-5 g. of potassium iodate in 10 
ml. of water and 80 ml. of 6 N-hydrochloric acid: to this 10 ml. of chloroform 
is added and then, gradually, 0-1 M-potassium iodate until, after shaking, 
the chloroform layer becomes colourless: the chloroform is then drawn off 
and the solution diluted to 1 litre.***** Among other uses of such a solution 
it may serve to estimate arsenious oxide, e.g., by dissolving 0-1—0-5 g. of 
arsenious oxide in caustic soda, acidifying with hydrochloric acid, adding 
3-4 g. of sodium bicarbonate and 2 — 3 ml. of starch solution and titrating 
with iodine monochloride: 


H,AsO; + ICl + 2HCOZ; ——>H,AsO; + ID + Cl’ + H,O + 2C0, 


The first small excess of iodine monochloride reacts with sodium iodide 
and liberates free-iodine. “ICL tls) tl ea ely 

The so-called Andrews titrations**** have Been in use for many years 
and depend upon the disappearance of the coloration due to iodine in 
an immiscible solvent such as carbon tetrachloride. When an excess 
of potassium iodate is present, free iodine is oxidized to iodine mono- 
chloride in the presence of sufficient hydrochloric acid. Dyestuffs 
such as Amaranth, Brilliant Ponceau 5R or Naphthol Blue Black may be used 
as indicators, instead of immiscible solvents, because the dyestuffs are not 
destroyed by high concentrations of hydrochloric acid in the presence of a 
little iodine or iodine monochloride, but are decolorized by a trace of excess 
iodate. Many substances, such as Sb ie Se S,0,,, CNS’, HSO,, hydrogen 
peroxide, hydrazine etc., may thus be titrated with an error not exceeding 
Ges bee 

Standards of purity of some analytical reagents, including iodine, have 
been proposed;**® it has been shown that if iodine purified by ordinary 
methods is compared with iodine of atomic weight purity by titration with 
sodium thiosulphate solution, agreement is, in general, within 0.02%.°*°*’ 
Dilute solutions of iodine are stable for months if they are made up in 0:3 
M-potassium iodide solution.*** The application of a statistical technique 
to the examination of a limited number of precise experimental measurements 
has been illustrated by a study of the results of sixteen analyses in the 
determination of the atomic weight of iodine. **? 
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SECTION XXXVIII 
THE BIOLOGICAL PROPERTIES OF IODINE 
By G.M, DYSON 


The biological properties of iodine are evinced in the following circum 
stances: (1) as a trace element essential to animal and vegetable life; (2) 
as a bacteriostatic agent or bactericide, and (3), in the form of inorganic 
iodides, as an expectorant and antisyphilitic remedy. 


TOXICITY 


Few fatal cases of acute iodine poisoning are recorded; Wintsch’* records 
a case where 2 fluid ounces of tincture of iodine (equivalent to 5 g. of iodine) 
produced fatal results in a man of 70, and Finkelstein? has given a survey of 
such cases. There is experimental evidence*® to show that colloidal iodine 
is considerably less toxic by mouth than is an ordinary solution in potassium 
iodide. Berman and Ivy* and others*® have made a detailed study of the 
acute toxicity of iodine in animals. The fatal dose for man is given as 2=8 
g., but recovery after taking 10 g. has been recorded where prompt treatment 
was available. | 

The chronic toxicity of iodine in very small doses is related to the subject 
of the thyroid and will be discussed below. On the other hand the use of 
iodine or of iodides in therapy can lead to different and allergic reactions. 
When induced by internal dosage with iodides, the condition of ‘iodism’ is set 
up,’ where headache, catarrh and an ‘iodine rash’ are observed. This con- 
dition appears to be different from the allergic dermatitis set up by the 
continued application of iodine solutions to the skin.*®? 

Iodates are several times as toxic as iodides;*® moreover they share with 
bromates the ability to cause retinal degeneration,**”? and disturbance of the 
glycamic function.** These observations are of importance in relation to 
the widespread use of bromate, and the suggested use of iodate, in maintaining 
loaf volume in baking,**** and the patented applications of iodate*® as a 
preservative in canned foods,*” cheese,***? fish”? and milk.” 


BACTERIOSTATIC AND BACTERICIDAL ACTION 


Iodine has been used in various forms for many years as a first-aid local 
application in cuts and abrasions and as routine surgical procedure in the 
sterilization of operation sites, and despite the advent of innumerable anti- 
septics of apparently higher laboratory activity the use of iodine for these 
purposes has persisted; there are some who assert that it is still the best 
antiseptic where (as in pre-operative preparation) the maintenance of a sterile. 
area after one application is the most important factor.**7* Iodine is of 
particular value in disinfection of dermatophytes;* its fungistatic action is 
apparently independent of pH,** Gershenfeld® showed that, using E.typhosa 
and Staph. aureus as test organisms, iodine showed a marked superiority to 
_organo-mercurial antiseptics; this has been many times confirmed.” ** 

The specific action of iodine solutions on a variety of organisms has been 
widely investigated;*” against Mycobacterium tuberculosis ,**** Trichomonas**** 
Clostridium welchii and C. tetani*? and other spore-bearing organisms e.g. 
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B. vulgatus, B. subtilis and B. cereus,** together with Leptospira ictero- 
haemorrhagiae** and members of the typhoid group**E. typhi, paratyphosus B and 
C, and E. coli.** iodine shows a powerful bactericidal activity; with yeasts*””” 
minute traces act as stimulants to reproduction though larger amounts inhibit 
the growth. Certain parasites, e.g. Eimeria tenella®® are inactivated by iodine, 
which also plays an important part in the fixation of Trichinella* in muscle. 
Iodine is also capable of inactivating certain viruses.*”** The use of iodine 
as an emergency sterilizing agent for drinking water®”** has been suggested. 
The mode of action of iodine as an antiseptic has been correlated with its 
demonstrable adsorption by bacteria.°*°° The activity of iodine is increased 
in the presence of inorganic oxidation-reduction systems® such as MnSO,/ 
Fe,(SO,);- Iodine is an effective fungistatic agent in ringworm or athlete’s 
foot,°? in the control of smut on oats,°** and in potato ring-rot and scab.°° 


METABOLISM AND THYROID FUNCTION 


The relation of iodine and its organic derivatives to thyroid function nas 
been the subject of many thousands of communications in the literature. It 
is not within the terms of reference of this volume to discuss all this litera- 
ture, but a number of the chemical aspects of this topic are summarized below. 
The ancient Greeks treated goitre with the iodinesrich ash of sponges, 
and in 1820 (only a few years after the isolation of the element) Coindet 
initiated the treatment of goitre with iodine preparations. Soon afterwards 
Chatin (1850-70) proved that goitre is associated with iodine deficiency and 
in the period 1882-1891 Horsley and Murray confirmed the relation between 
goitre and the thyroid gland. Baumann in 1895 established the high iodine 
content of thyroid from which in 1915 Kendall isolated thyroxine, the structure 
and synthesis of which was elucidated by Harington a few years later. 

The main facts concerning iodine as a trace element in human nutrition 
are as follows. The presence of iodine in the alimentary intake of mammals 
is essential; complete absence or deficiency leads to goitre = an enlargement 
of the thyroid - whereby an attempt is made by the organism to secure more 
iodine by increasing the volume of blood traversing the gland. The addition 
of iodine to the diet will cure early cases of goitre, but severe and old- 
standing goitres do not regress and must be treated surgically. The minimum 
amount of iodine for a normal individual is 80-100 y per day;°° of this 
quantity about 30 y is excreted in the urine, 10 y via the lungs and up to 50 
through the skin.*” The normal iodine content of blood is 12 y per 100 ml.%%? 
It should be emphasized that whilst simple (endemic) goitre follows a defi- 
ciency of iodine intake, other goitres (toxic adenomatous goitre and exo- 
phthalmic goitre) are the result of thyroid derangement, as also is cretinism; 
these, not directly related to iodine deficiency, will not be discussed further. 

The recognition of the interrelation of iodine and thyroid activity led to 
much research (a) on the normal intake of iodine in food and drink (6) on the © 
relation between endemic goitre and water supplies and (c) on the best way 
of combating iodine deficiency. A by-product of this work was a study of 
the analytical methods available for the determination of minute quantities of 
iodine in biological materials.”””* 

The occurrence of iodine in small amounts in foodstuffs has already been 
mentioned (see page 817) and it has been shown that the iodine content of 
vegetable foods is a function of the iodine content of the soil and water used; 
irrigation with sea-water or water from estuaries where some sea-water is 
present results in a high iodine content of vegetables.”* The relation between 
vegetable iodine and goitre is illustrated by the fact that 19 per 1000 of 
drafted men from eastern Minnesota but only 7+5 per 1000 from western Minne- 
sota were goitrous. The average iodine content of potatoes”® in the east was 85 
y/kg. and in the west was 226 y/kg. This variation in the iodine content of 


Refs. p. 959. 


\ 


38 BIOLOGICAL PROPERTIES 959 


vegetables is common and it is possible, therefore, only to indicate which 
vegetables have normally a high iodine content. Those which are consis- 
tently high are asparagus 95 y (per 100 g. of dried material)’* radish, lettuce,”* 
carrots, turnip greens, beet-tops 50-90 y; spinach 100 y;’’ onion 80 y; cab- 
bage 150 y; spinach up to 500 y;°° and cucumber 100 y. All workers report 
especially high values for asparagus, but these are probably due to the custom 
of dressing asparagus beds heavily with agricultural salt, which is rich in 
iodine. It has been shown that the iodine content of cabbage is related to 
that of the soil in which it is grown.”” The same relationship holds for 
milk.** A very high iodine content has been reported for watercress = up to 
45 mg./100 g.*? Sea-food is extremely rich in iodine,*****°** and varies very 
little from area to area; oysters**°? show up to 1150 y per 100 g., crab-meat 
has**** the highest iodine content of any normal food (2000 y per 100 g.) with 
the possible exception of shrimp (2300 y). Salmon is also rich in iodine.?*** 

It follows that the normal human intake of iodine will depend on the area 
where vegetables are grown and on the accessibility of sea-food. There are 
many areas where the iodine intake is below that necessary for normal 
life: British Columbia,”® England,’’ Finland,” Ireland,’? New Zealand,*°%°? 
Puocaty, .” . Norway, Switzerland, U.S.A,,°°°" and U.S.S.R.UO%" | In 
Java and Japan, countries with a large seaboard where seaweed is a constant 
part of the diet, there is no goitre.*** On the other hand an abnormally high 
intake of calcium is apparently able to neutralize some of the iodine as an 
effective trace-element. Thus a water with low calcium and a given, but 
marginal, iodine content may not lead to goitre, whereas the same water with’ 
higher calcium may become goitrogenic. 

Thus, the question has arisen of measures to avoid the goitrous sequel of 
iodine deficiency; these have consisted principally in adding iodide to the 
water supply****** and using an iodized salt or sea-salt as a condiment. The 
use of supplementary iodine in animal husbandry is also a valuable aid to 
animal health and productivity. Eggeyield and viability in poultry is in- 
creased;*®*”” in sheep iodine must be used with discretion,’***** applying 
only just enough to eliminate enlarged thyroid; with pigs the average daily 
growth is increased.**%**° In cattle-breeding, the number of successful 
‘takes’ is increased by a small supplementary quantity of iodine, and claims 
have been made for a higher milk yield in cows, but this does not seem yet to 
have been fully substantiated.*****° 

The place of iodine in plant economy is uncertain; in normal plants it is 
not clear whether traces of iodine are essential to development,*****” although 
in sea-weed economy iodine plays an important part. 

Much of the research on the fate of todine in animal and plant systems 
has been aided by the use of the radioactive iodine isotope **I (see page 


(1056) and a considerable literature has grown up around the technique of the 


use of this substance both as its simple inorganic derivatives and as its 
organic derivatives (e.g. di-iodotyrosine and thyroxine); an excellent intro- 
duction to this literature is given by the papers of Chaikoff and his co- 
workers,*°*? | 
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CHAPTER V 


RADIOCHEMISTRY 
SECTION XXXIX 
TABLE OF HALOGEN ISOTOPES 


The following table of data on the radioactive and stable isotopes of the 
halogen elements has been prepared directly from the ‘Table of Isotopes’ by 
J.M. Hollander, I. Perlman and G.T. Seaborg dated December, 1952,’ with the 
kind permission of the authors. 

This introduction, based on that of the original Table, has been amplified 
where necessary by Mr. J. L. Putman, of the Isotope Division, Atomic Energy 
Research Establishment, Harwell, to render it more readily intelligible to 
readers whose interests are primarily chemical. 

A description of the entries in various columns is given below, followed 
by a table listing some frequently used abbreviations. 


ISOTOPE 
The first and last columns list the atomic numbers, chemical symbols and 
mass numbers of the nuclear species. Separate entries have been made for 
each nuclear state whose half-life has been experimentally determined. Meta- 
stable excited states are denoted by the superscript ‘m’ following the mass 
number. 


CLASS AND IDENTIFICATION 
The degree of certainty of each isotopic assignment is indicated bya 
letter, according to the following code: 


A. Element and mass number certain 

B. Element certain and mass number probable 

D. Element certain but mass number not well established 
E 


Element probable and mass number not well established 
or unknown (mass number not listed means that it is 
unknown), 


Data which have been shown to be in error have in general been eliminated 
from the Table. 

The means by which the mass assignments were made are next tabulated. 
In general, several references are given here in italics, the first of which 
denotes the probable discoverer of the isotope. Following this, references 
are given to the paper or papers which contributed most significantly towards 
giving the isotope its best or present rating. Some indication of the experi- 
mental methods used in making the various assignments may be had from the 
following symbolism: 


chem Chemical separations, establishing uniquely the 
chemical identity (atomic number) of the isotope 
genet Proven genetic relationships (by chemical or other 


means) with other isotopes whose mass assignments 
are presumably known. 
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excit Loosely refers to energetic considerations which 
have aided in making the mass assignment. Some of 
these might be: 


(1) Excitation or yield experiments to establish 
the nuclear reaction which produces the 
isotope 

(2) Bombardments with low energy particles, in 
which possible products are few 

(3) Mass calculations, or other estimates or 
measurements of Q values 

(4) In a few cases, use of fission yield data in 
making assignments 


cross Studies of yields of the isotope in several different 
bomb types of bombardments, in which the target elements 
as well as the projectiles have been varied 


n-capt Cases where bombardments with slow neutrons (n-y 
reactions) have provided key evidence in the mass 


assignments 
sep The use of target elements enriched or depleted in a 
isotopes certain isotope 
decay Identification of expected or predicted decay charac- 


charac teristics 


PERCENTAGE ABUNDANCE 
The relative isotopic abundances for the elements are given in accordance 
with the ‘best values’ listed in the report by K.T. Bainbridge and A.O. Nier.’ 
For some of the light elements reference is made also to papers which discuss 
source variations in isotopic abundance. 


TYPE OF DECAY 
The observed modes of decay have been listed for all radioactive nuclei. 
In cases of branched decay between two or more modes, the branching ratios 
are listed wherever they are known. Symbols used are: 


B Negative beta particle (negatron) emission 
a Positive beta particle (positron) emission 
a Alpha particle emission 


EC Orbital electron capture. It may be assumed that X-rays 
have been observed or actually identified in virtually all 
cases of orbital electron capture listed. If the ratio of L 
electron capture to K electron capture has been determined, 
it is given here as L/K 


IT Isomeric transition (transition from upper to lower isomeric 
state of same nucleus) 


n Neutron emission 


When experimenters have searched for and failed to find a particular mode 


of decay, this is indicated, for example, as ‘no 8*t’. Experimental upper 
limits are frequently given, but no theoretically predicted limits have been 
quoted. 


Among the heavy alpha-emitting isotopes, calculations by means of closed 


radioactive decay cycles have shown that many of these isotopes are thermo- 
dynamically stable against 8”, 8+, or EC decay. This has been indicated by 
the term ‘f-stable’, followed by an abbreviation for the principle of conserva- 
tion of energy, which is used in the calculations. 


HALF-LIFE 


Half-life values are listed without qualification where the determination — 
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has been a direct measurement of decay rate. In other cases, the experimental 
methods have been described with the aid of the following symbols. 


sp act Determination by weighing a long lived isotope of 
known purity 


yield Estimation of half-life from the amount of activity 
resulting from a nuclear reaction whose cross section 
: (or yield) is known or estimated 


genet Measurement of the half-life of a parent activity by 
determining the yield of a daughter activity as a func- 
tion of time, where periodic chemical separations of 
daughter from parent have been performed. 


An attempt has been made to list the best value or values first. However, 
in a few cases where many values of comparable precision have been reported 
and no choice seemed obvious, an average value for the half-life has been 
listed; this is explicitly stated, and references are given to all the papers 
bose values contributed to that average. 


PARTICLE ENERGIES 

The particle energies are followed by other relevant information pertaining 
to the decay scheme and by a description of the experimental methods used in 
obtaining the data. In cases of complex alpha structure or several partial 
beta spectra, the relative abundances of the various groups within that mode 
of decay are given in parentheses. 

Beta particle energies correspond to the upper limits of the spectra. 

Alpha particle energies have been quoted only where the investigator has 
actually measured them. 

Conversion electron energies are listed only when it is not known in which 
shell internal conversion takes place or when no attempt was made by the 
experimenter to relate the electrons with observed or unobserved gamma rays; 
in all other cases, entries are made in the column for gamma transitions. 

Experimental methods are described as follows: 


abs Absorption of the radiation. The absorption of 8° and 
8* particles in increasing thicknesses of material is 
at first nearly exponential, but a maximum range is 
eventually reached. Both the initial absorption and 
the maximum range are measures of the original energy 
of the particles. 


coinc £-and y -counters with absorbers can be coupled toa 
abs coincidence equipment, which registers only when a 
count is obtained simultaneously in both counters. 
This method is sometimes used forthe selection of 
particles or gamma-rays in complex breakdown schemes. 


spect In a beta-spectrometer, the energy of the radiations is 
found from their deflection in a magnetic field. 


coinc Denotes coincidence methods (see coinc abs) used in 
spect conjunction with a beta-spectrometer. 


scint In the scintillation counter, radiations falling on a 

spect crystal, or other phosphor, produce scintillations of 
light which are converted to electrical impulses with 
a photomultiplier. Using certain phosphors, the am- 
plitude of the impulses is proportional to the energy 
given up by the radiations. The arrangement can there- 
fore be used as a scintillation spectrometer to deter- 
mine energies of the radiations. 


clch By the use of a Wilson cloud chamber the tracks of 
particles are made visible when vapour is condensed 
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on the charged ions they leave behind. The cloud 
chamber is used with magnetic fields to determine the 
deflection and hence the energy of 8” and Bt particles. 

ion ch The ionization per cm. of path, as well as the total 
ionization, produced by a beta-particle depends on its 
energy. In the pulse ion chamber and in the propor- 
tional counter, electrical pulses are produced whose 
amplitude is proportional to the ionization in the 
chamber. These can be used to deduce the energy of 
the radiations. 


GAMMA TRANSITIONS 

Gamma transitions are described by the following information, in so far as 
reliable data permit: 

Energy of the gamma quantum. When internal conversion electrons form the 
basis for the energy determination, the. energy listed in this column is always 
that of the corresponding gamma ray transition. 

Abundance of gamma rays. This may be given as the number of unconverted 
gamma tays emitted per 100 disintegrations. Where an absolute abundance has 
not been determined, often the relative unconverted gamma ray abundances 
have been measured. These are tabulated, for example as y,/y,/y,;~¥2/1/5. 
Internal conversion coefficients. These are given for each gamma transition 
as the ratio of the number of conversion electrons emitted to the number of 
unconverted gamma quanta emitted, and are expressed as e/y. Where conver- 
sion coefficients for individual electron shells have been determined, they are 
denoted as ex/y, e; /y etc. 

Conversion coefficient ratios. Where the ratios of internal conversion co- 
efficients in several electron shells have been Hgts et they are listed as 
K/L, L/M, K/L+M, K/L/M, Ly/Ly/Lyyy, etc. 

When an author states that gamma radiation is present, but reports no 
energy determination, this is indicated by the symbol ‘y’. Conversely, when 
attempts to find gamma radiation have failed, this has been indicated by 
Ou, | 

X-Rays have been mentioned only when they are the prominent radiation — 
observed in measuring an activity, or when the observation and identification 
of X-rays has been crucial in the characterization of an isotope. 

The symbols used to describe the methods employed for the determination 
of gamma ray energies or for the elucidation of decay schemes are as follows: 


abs Absorption of the radiations. The number of gamma- 
ray quanta decreases exponentially with the thickness 
of the absorber, and the rate a decrease is a measure 
of their energy. 


abs sec Absorption of the secondary electrons produced by the 
photo-electric effect of y-rays on matter. The energy 
of such photo-electrons is equal to that of the original 
y-rays minus the ionization energy needed to eject 
the photo-electrons from atoms of the absorber. 


abs Absorption of internal conversion electrons 
conv 


coinc Coindicence studies using absorption techniques (see 
abs PARTICLE ENERGIES) 


spect Use of the magnetic beta-spectrometer (see PARTICLE 
ENERGIES) to measure the energy of secondary elec- 
trons produced by gamma-rays in matter. 


spect “Use of the beta-spectrometer (see PARTICLE EN- 
conv ERGIES) to measure the energy of internal conversion 
electrons. 
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Coinc Use of the beta-spectrometer in connection with other 

spect counters in a coincidence arrangement (see PARTICLE 

ENERGIES, coinc abs). Coincidences with other 

gamma-rays, with conversion electrons from other 

gamma-rays, with beta-particles etc. are used to iden- 

tify the particular gamma-ray being measured and to 

, determine its relation to the decay scheme of the 
radioisotope. 


scint (See PARTICLE ENERGIES). The energy of the 

spect gamma-rays is generally deduced from the pulses 
produced when gamma-rays are completely absorbed 
in the phosphor; i.e. from the energy of photo-electrons 
produced in the phosphor. It can also be deduced from 
the maximum energy of recoil electrons produced by 
the Compton recoil process in the phosphor. 


cryst Estimation of wave-length and therefore energy from 
spect the diffraction of gamma-rays in a crystal. This is a 
standard method by which the wave-lengths of X-rays 
are determined in terms of the spacing between planes 
in the crystal structure. It is generally applied only 
to low energy gamma-rays, whose wave-lengths are not 
too short compared with the spacing of crystal planes. 


clch Measurement of the energy of Compton recoil electrons 
recoil or photo-electrons by means of a Wilson cloud chamber 
(see PARTICLE ENERGIES, cl ch). 


Be-y-n, Measurement of gamma-ray energy from secondary 
and nuclear reactions produced by the gamma-rays. Be-y-n 
D-y-n: represents the bombardment of a beryllium nucleus 
with a gamma-ray and the consequent emission of a 
neutron. The energy of the gamma-ray is deduced from 
the measured energy of the neutron. D-y-n represents 

a Similar reaction using deuterium. 


DISINTEGRATION ENERGY AND SCHEME 

The disintegration energy (Q) of a nuclear decay process is defined as 
the mass difference of the initial and final atoms, transformed into units of 
energy (1 atomic mass unit = 931 MeV.). It is equal to the sum of the kinetic 
energies of the particles emitted, plus the energies of any gamma-rays which 
may follow them, plus the energy of recoil of the nucleus. Note that when 
positrons are emitted the energy (1-02 MeV.) of the annihilation radiations must 
be included. Where Q values have been estimated or calculated by the authors 
of this compilation, the special reference ‘HPS’ is used; otherwise, reference 
is made to the paper from which the quoted value is taken. In most instances 
Q values have been obtained from decay data; where this is not the case, the 
method is indicated. 

Energy level diagrams have been drawn in many cases; these are not 
necessarily complete representations of the data, but sometimes include only 
those features which are reasonably well established and unambiguous. £ 
particles are represented by lines sloping downwards from left to right. ou 
particles and electroncapture processes are shown as lines sloping downwards 
from right to left. Gamma-rays are shown as vertical lines. Thus vertical 
displacement represents loss of energy, and horizontal displacement represents 
change of atomic number. Where alternative modes of decay exist, all are 
shown, and the percentage of disintegrations proceeding by each mode is 
indicated. Heights of the various energy levels above the ground state are 
indicated: at the side of the drawing. Similarly, the total angular momentum 
(spin) and parity of the states have been included in some cases, where these 
quantum numbers could be inferred with some confidence from determinations 
of conversion coefficients, K/L ratios, ft values, etc. We have relied heavily 
on the interpretation of decay data by Goldhaber and Hill.*® 
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For 67, 6+, a, or EC decay, the percentage figures given in the decay 
drawings total 100% for each mode of decay, thus expressing only the relative 
abundances of various groups within that mode of decay. (Branching ratios 
between the several modes of decay are found in the ‘Type of Decay’ column), 
In the case of gamma radiation, however, the percentages given refer to the 
fraction of the total disintegrations of that isotope which give rise to the gamma 
ray and its conversion electron. This has been done because of the difficulty 
of assigning a gamma ray to a particular mode of decay. 

Measured values for the mechanical or spin moment, I, of stable or long 
lived isotopes have also been given in this column. Except as supplemented 
by more recent data, the values given here are taken from the compilation by 
Mack,‘ 


METHOD OF PRODUCTION AND GENETIC RELATIONSHIPS . 
The ninth column of the table gives the nuclear features (target element, 
projectile, and outgoing particle, in order) by which the radioactive isotopes 
are formed. The corresponding references are listed: (p~proton, n-neutron, 
a-alpha particle, d-deuteron, t-triton, y-gamma ray or X-ray, e-electron, 
7-pi meson, C-carbon ion). In cases in which the target material is not the 
naturally occurring element, but one enriched or depleted in a particular iso- 
tope, the isotope responsible for the reaction is indicated. No means for 
identifying the source or energy of the projectile is given. | 
In nuclear reactions with high energy projectiles, multiple Heprrie ejection 
is common. Rather than attempting to state definitely the path by which the 
product nucleus was reached, these spallation reactions are briefly repre- 
sented by the abbreviation ‘spall’, followed by the symbol of the target ele- 
ment. High energy fission reactions are similarly represented by the words 
‘spall-fission’, and thermal or low energy neutron fission simply by ‘fission’, 
The criterion for listing genetic relationships has been with few excep- 
tions that these relationships be demonstrated experimentally; for example, 
by chemical ‘milking’ of daughter activities, analysis of growth decay curves, 
or, in the case of short lived isomers, by delayed coincidence experiments. 
The listing of these parent-daughter relationships gives some warning to the 
reader as to what he may expect in the way of radiation from a given isotope, 
since a sufficiently short lived daughter’s radiation will usually be observed 
with that of the parent. 
A few further abbreviations are listed below: 


[ } Properties listed in brackets have not been observed 
directly, but have been inferred from other experi- 
mental data. 

est Estimated or calculated from theoretical or empirical 


calc considerations. _ 
lim | Experimental upper limit. 
emuls Photographic emulsion. 
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TABLE OF HALOGEN ISOTOPES 


Type of : 
ior 


Radiation energy, MeV. 
Particles 


‘Percent 
abundance 


Class and 
identification 


oF A cross bomb ?°?: 1.72 spect®; 
chem, excit 34:5 1.7 abs °; 
2.1 cl ch 27° 
18 17 20 
r ; 0.649 spect *”; 


0-635 spect 78: 
obneeed eae 


10.7541; (5.41, no~7 GB (lim 1%) 
12s22 spect: 
5-33 (97%), 6-7 (3%) 
spect? 
5-0 spect, abs**; 
others 45 


2-8 5 7952. 14.13 el chZ: 
4.4 scint spect °4 


chem, sep 
isotopes, 
excit? 
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TABLE OF HALOGEN ISOTOPES 


Radiation energy, MeV. 


Disintegration 
y-Transitions 


energy and scheme 


no vy 11; ,12 


vy 25,18 Q 71-6770 


1.631, no 2-5 y (lim Q73 7-04 42 
0.2%) spect, Be- 
y -n reaction 4?: 
1.64, no 2-5 vy 
spect, y-y 
nome?) 

1.64, 2-5 (weak) 
spect, abs sec 4: 

2-2 cl ch recoil #5: 

y (coine with 5-08") 
B-y coinc 4°44 


Method of production and 
genetic relationships 


Neacn 22:44, 
O-d-n 2156. 
O-p-y %; 


Fe Yy -2n 16,9,7 


O-a-pn 7° 
18-p-n 5. 
O-den 21:27,28. 
O-He-p ?° 
O-t-n?3 
Fen-2n 7°; 


Fed-t 22° 31. 
Fey-n 2% 16,9,32, 7. 


spall ho 35, 
Cu 36,35, 


Cl, Ag, Au?5 


F-d-p 39015,41,44,47,42. 
Fen-y 448,49. 


Nascn-a 42 


971 
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Class and Per cent Type of . Radiation energy, MeV. 


4-5 (46%), 2°6 (28%), 
1-3 (26%) spect 7°; 

5-1 (080%), 264 (~20%) 
cl ch 58 


Ney tA chemyexeit 4: 
chem, excit 55 


10.714 spect”; 
0.66 abs 77; 
0.64 abs, 
others 73+74 
0.03%) ©8 | 20x 10° y 
yield %; 


37-29 m 78 14.81 (53%), 277 (16%) 
37-5 m 79-891 1.11(31%) spect 84: 
37-0 m 24-8245.0, 2.8, 161 spect 89: 
| spect, coinc abs ®°, 
5+2(53%), 2-70 (11%), 
1-19 (36%) spect °4 


A chem, n-cap 
chem, sep 
isotopes a7 
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Radiation energy, MeV. Disintegration Method of production and Test 
_ Y- Transitions energy and scheme genetic relationships ReErEr 


3.22, 2.10, 1-16 
scint spect >: 
3-3, 2-1, 0-145 
spect, spect conv 
3-4 cl ch recoil *8 


Al-'#C-an 60. | 
Peaen 54:14,56. 
S-d-n 95,55. : 

S-a, pn 61, 

S-p-n 2°: 

S-t-n 73. 

Cl-n-2n 7°, 

Cl-p-pn a 

| Cl-y-n 52:19,9,57,32. 
spall Fe °7 cu 


2u; 


Y, 2°15, y, 1-60 Cl-d-p 181. Cl 
(y,1 9% 163) Clen- yy 76077:89,48. 
spect °°, 7Cl-n-y?7; 
y, 2019, y, 1-64 K-n-a 7; 
(y, coine with y,) spall Fe°?, Co? 
spect, coinc®’; a: eel ear 


2-15, 1-65 spect 29. 
no 3-75 y (lim 
0.03%) Be-y-n 
reaction °8 


spall-fission Cu 7” 


Sen Sm ac 
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Class and Per cent Type of aap cneiey MeV. 


A chem”? ; 1-65(93%), 2-96(7%) 
chem, exeit 4 abs 7° 


B chem, cross bomb, : 1. 1.70 (46%), 0-8 (20%), 
sep isotopes 78 0-6(15%), 0-3 (19%) 
spect oe 


~ 1-8 abs 77 


A chem 1, 3-57(46%), 1-7(10%), 

chem, excit 7; . : ; 1.1(11%), 0-8 (14%), 

chem, sep 0.6(19%) spect 77: 
3.5 spect 7” 


isotopes ae 
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Radiation energy, MeV. Disintegration Method of production and TeGrcne 
Yy-Transitions energy and scheme genetic relationships P 


1-35, 0-35 (coine 
with 1-65 6) coinc 


Ap y-p 94:96. 
spall Fe ° , Co? 
Cy 9364 ag 95 


1-2, 0.96, 0-75, 0-68] Q7, 4.699 
0.420.237, 0.23, 
0.25 spect, spect 
CcCOnV 29. 

~2 abs 100 


Refs. p. 996 


976 RADIOCHEMISTRY 39 


Class and Percent | Type of ‘ | Radiation energy, MeV. 


A chem, sep 
isotopes 78 


2.4 abs?% calc from 103 
2.3 abs19 


A chem, exci 


Achem, n-capt’®; | 
chem, excit, cross 
bomb 299 
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Radiation energy, MeV. 
Yy-Transitions 


y, 0-160, y, 0-237, 


y, 0-284, y, 0-298, | 


y, 0-520, y, 0-641, 
V7 0-813 (y,/ ¥2/%,/ 
Val V/V V_= 9-6/ 
20/0-2/0-2/100/ 
8.6/25) spect, 
spect conv???; 

0.160, 0.234, 0.299, 
0-521 spect conv, 
X-y coinc a2 


| 
| 0.108, 0-046 spect 
cony 195 


0.049, 0.037 (e/y~ 
1-3) ion ch 72?, 

0.048, 0-036 spect 
conv 7273. 

0-049, 0.037 spect 
conv 29, 
0.049 (L/L 

spect conv 


a 


0-48 (e/y very large), 


0.037 (e/y ~1) 
abs 115. 


others 1/6 


HALOGEN ISOTOPES 


Disintegration 
energy and scheme 


See 154,131 


| Br-n-2n 


Method of production and 
genetic relationships 


Ase a= 2p! 00,97,101. 


| *Se-a-p 9 é. 
| 7So.d-n 98,99, 


’ , 
parent 77S.6 m 101,102 


103,97. 
AS-aen er ** 
Se-d-n 793. 
Se-p-n 196,105. 


Br--y-n 107,62. 
108 


Se-d-2n 98,29. 


Se-a- a 
Se-p-n 106,105,99. 


Br-n-y 117,103,110,118,48. 


re MED 
Br-y-n °?; 
Br-n-2n 7°, 


spall-fission Ta 
Bil29. 121. 


122,123 


119 


fission Th” 
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_ Class and Per cent Type of “i Radiation energy, MeV. 


B 1 92% 18-299 24 10}, BR: 


spt | A chem, n-capt”®; 


chem excit, Btn3%, 1-99(85%), 1-1(15%) 
cross bomb?9%: EC~ 5% spect 127 
chem, genet??? (calc from 1.97(80%), 1+1(11%),| 
EE EE 0.7(9%) spect °%; 
B°/ B 1.99 spect 23; 
0.037421. others 2252128,117 
gi+kEC |r: 
: 0.87 spect 125: 
0.09 124. 1.0 spect??%: 
Bt/ 0.73 abs 126 


0.028425. 
sae 

Bs RB 
0.03226 


lAronem, neene F 35.87 h78: 10.465 spect, B- 
chem, excit, | no EC or 136-0 h 135. | going 138159 
cross bomb 19% | weyey 35-1 h 196. 

35-7 h 137 
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Radiation energy, MeV. 
y- Transitions 


> 0-6 abs?9?: 
< 0.5 abs? 03,106. 


no y 127 


Y, 0-547, y, 0-608, 
y, 0-692, vy, 0-766, 
¥, 0-823, y, 1-031, 
71-312 spect conv, 
spect dy 

y, 9-535, y, 0-602, 
y,0-750, y, 1-020, 
Y_ 1292, y, 1-445 
(LV lV el Vol Vg 
Y 3+7/3-5/1.0/ 
0-85/0-40) 
spect /4!. 

0-547,0-615, 0-682, 
0-752, 0-822, 1-026, 
1-306, 1-453 
spect 142. 

1-7 - 2-0 (0.14%) 
Be-y-n reaction = 

0-07,0-05 abs 
cony 743. 

others 744 


Disintegration 
energy and scheme 


| Se-p-n 


RALOGEN ISOTOPES 


Se-p-n 196. 

Brn-y 105,118,48,132. 
Br-d-p 193. 

Br-y-n 2: 

Brn-2n??: 


daughter 80M Br 110,130,133 


Br-n-y 134,103,48. 
Br-d-p 103,146. 
Rb-n-« 293: 
spall-fission Ta 
He147 1148 


119 
% 


9 9 
Bb pj 220rf50,151 


(yy152,121 


fission U5 


Refs. 


O19 


Method of production and 
genetic relationships 


81 81 
a i ee Br 


106,145. 
? 
| Sende2n 103-146. 


p. 996. 


RADIOCHEMISTRY 39 


_ Class and Per cent Type of ' Radiation energy, MeV. 


ini 
164,178, 


H 
t 170,177 


= es 
9 


ie | 0-940 spect 19%; 


0-94 spect 7? 


9.33 hi>5: 


A chem, exci 156. 


157, 
aot N30: 


69. 4-68 (40%), 3-56 (9%), 
2-53 (16%), 1-72 


(35%) spect 758 


| A chem? 
chem, excit ee 


3.00 m?7?. 
3-0 m 164, 
70. 


Br A chem 164. 


chem, genet 176: 


BE: 
2-6 (70%), 8-0 (30%) 
abs 182. 


A chem 
chem, gene 


n (mean): 
0.25 abs paraffin 


0-30p recoil in cl 
ch 183 


180, 
’ 


t?77 


A chem, gene 


Refs. p. 996 


oe 


Radiation energy, MeV 
Yy- Transitions 


103,157, 
’ 


no vy 
~0.046 (?) cl ch?°? 


0-89, 1-89 scint 


5-4, others ~3 abs, Q; 


abs sec, y-¥y° 
coinc 18? 


65 
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Disintegration © 
energy and scheme 


Method of production and 


genetic relationships _|!S°tope 


par 


Rb-y-a 
spall-fission Ta 


He l47 Pb es 
Rit> REET EL Th poe 


y 252. 


Pe 


fission ane 155,162,163 
piss, 164, 165, ee 
2331; 166 , Pu 167, 168. 


daughter Bigg, ae 
s3mxp 155, 164 LOS, 1 O17 


Rb-n-a 27°: 
ieee / 149 
‘spall fission Bi a 
y i421. 
fisston=Tn72°? 19475; 
174,164,165,170,171.. 
’ 


daughter ®*Se175 


85 
fission yt o4et 70,176,1 (7. Br 


parent By 176,177 


fission 164, 178,184, NO 
235 1,181; 186 hay set 


parent 8757p 170, 176, £07. 


parent Kr (2% of ties 
178,177 


fission U, parent 
887177 
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Class and Per cent | Type of : Radiation energy, MeV. 
Half-life Particles 


Isotope identification abundance] decay 


89 
-Br D chem 284 
38 
ae bane 


287. 
192 


B, 6n 


n (mean): 
185,180 


6.43 abs 
paraffin 14 
0-65 p recoil in 
cl ch 783 


0. 
’ 


t 187 


4.0 abs, spec 


1.2 abs, spect EE 
1.2, 4-0 (weak) 7°: 
conv: 0-185 spect 2°27 


A chem, exci 
sep isotopes 


287. 


A chem, exci 
chem, sep 
isotopes aod 


120 
s3l 

121 
I 

122 
I 

123 
I 

124 
I 


2-20(51%), 1-50 
(44%), 0-7 (5%) 
spect 279. 

2-1 spect, abs 


A chem, excit, 
cross bomb 274 


187 
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Radiation energy, MeV. 
y-Transitions 


Disintegration 
energy and scheme 


Method of production and 
genetic relationships 


0.159 spect, spect 


Conv 22 


0.603, 0-73, 1-72, 
1-95 spect, spect 
conv 799, 

no y coinc with 2-2 
Bt, B-¥ coine ?° S 

y-y, B-y coine??” 


-Te-p-n 
‘spall-fission Bi 


fission U 184,185,177 
’ 
23517 181,180. 


parent °°Kr (?), parent 
Biker (9) 156 


spall Sn (second order 


reaction) aoe. 


Sb-a-5n287 


spall Sn (second order 
reaction 

Sb-a-4n, parent 
121m 187. 


daughter 121y 190,191, 189 


188. 
Naas: 


spall Sn (second order 
reaction) 22°: 

Sb-a-2n ee 

1216p. a-2n193. 

daughter 123y . 190,191,189 


spall Sn (second order 
reaction)7?°?: 

Sb-a-n 194187. 

Sieasane 


i2lon. a-n 18 7 
195, 


151,120 
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| Class and Per cent. | Type of | ‘ Radiation energy, MeV. 
ecroPe identification abundance] decay eet "Particles ” 


A chem! 98; EC (L/K 
chem, excit 7°?: 0:23)7°7, 
genet 7° EC(L/K 

0-3) 202. 
no gt 199 


A excit 29; ;| 
chem, excit, e 1-268 (27%), 0°85 
cross bomb ?*4 (73%) spect? °3: 

1.24 (25%), 0°85 
(~75%) spect 2%: 
0-865 spect?°7 


2:02 spect 74° 


Refs. p. 996 


5 HALOGEN ISOTOPES . 985 


Radiation energy, MeV. | Disintegration Method of production and ana 
Yy-Transitions energy and scheme genetic relationships P 


0.035 ion ch 292. Seas sO ttat Sb- a-2n 187. 


0-0355, no 0.109 y Qec W-13 eale 292 Te-d-n 198199. 
spect conv 779 


spall-fission Bi foi i2). 
daughter 175Xe 729. 
not parent *5™Te (lim 


with 6: B spall Sn (second order 
0.382 spect conv, reaction) 788; 

B-y coinc 2%, Shoe eo 

0.395 spect, spect Te-d-n oe 

conv?*9. Te-p-n £99. 


with EC: Poe 298: 
: 209,210,211, 
G.64 (weak) scint a 1 ila Paes 
spect, x-y coinc, spall-fission Bi ba Tol 
Y-¥ coinc?"°: 


others7?° 


76,205,48, I 
215,132,216. 


Te-d-2n 1°, 
meen tee 


J- n- vy 


Refs, p. 996. 
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986 RADIOCHEMISTRY. 
Class and Per cent | Type of A Radiation, energy, MeV. 


1-72x107 | 0.12 scint spect??. 


ysp ie eetabet 0.12 abs 779: 
3x 107 ysp | 0-12 ion ch 72 
act 729 0.13 abs 778 


1.03 (60%), 0-61 
(.40%) spect??? 


A chem, cross 
bomb 794 
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Radiation energy, MeV. Disintegration Method of production and iegrece 
y-Transitions energy and scheme genetic relationships | P 


129 
531 


0-039 (coinc with 6, 
ex/y ~6, K/L~ 
40) ion ch, B-y 
coine 72? 


1297 = / 38 217,219,220 


fission 


Qe~ o.17 2% 


CED — 


220,221,131 
efs 


130 


0-744 (ex/y 0-003), 
0-667 (e,/y 0-004), 
0-837 (e,/y 0-007), 
0-417(coinc with 
0-68, ex/y 0-012), 
(ex? e, for all 
y‘s) spect, spect 
CONY 36-7), ¥- Y 
coinc 2? 


Refs. p. 996 


988. 


Class and 
identification 


A chem?%. 


chem, genet a4 


B chem, genet? ies 


Refs. p. 996” 


RADIOCHEMISTRY 


Type of 
decay 


Per cent 
abundance 


Half-life 


39 


Radiation energy, MeV. 
Particles 


8-141 d25:10.815 (0.7%), 0-608 


(87.2%), 0-235 (9.3%) 
0.250 (2.8%) spect, 
B-y coinc 27%; 
0.810, 0.606, 0.335, 
0.250 spect, B-y 


0.807, 0-606, 0.339 
spect oe 0: 

E (average) 0-189 
ion ch 23?. 

See alsor29202931454: 
235,236,237,238,239, 
240,241,242 


39 


Radiation energy, MeV. 
¥-Transitions 


0.080 (2.2%, coince 


with 0-284, ex/y |Q’, 0-972 dow 


1.73 K/L 7), 0-163 
(coinc with'**™zXe) 
0.284 (5-3%, coince 
with 0-608 6", ex/y 
0.047, K/L 5), 0-364 
(80% coinc with 
0.608 6, ex/y 
0-018, K/L 8), 0°637 
(9%, coinc with 
0.335 B, ex/¥ 
0-0037,K/L9), 0-722 
(3%, coine with 
0250 8, ex/y 
0:0028,K/L8) spect, 
spect conv, p-y 
delay coinc, scint 
spect 228243 
yv,0°080133, y, 
0-28413, y,0°36418 
100) cryst spect die 
0-284 (ex/y 
0°052, K/L 3°3), ¥, 
0-364 (ex/y 0-021, 
K/L 5-6), y,0-638 
(ex/y 0:0040), y; 
0-723 (ex /y 00034) 
(Y¥/¥/ Vl 5% 6/ 
100/10/3) spect, 
spect conv ade. 
0.080 (4.3%, with 
0.283 y, e/y 1-83) 
y-Y, X-¥ coinc, 
scint spect a 
See also: 293+247»232; 


248,234,237,229,236, 
239,240,249,241,250, 
242,230,116,251 


¥y, 9°69, y, 1-41, y, 
2°0 (y,SY./7; x 
37/4/1), vy, ~0°8 
(very weak) scint 
spect, y-y 
coinc 279. 

0-6, 1-4 abs 797 


Disintegration 
energy and scheme 


(44) | 
ai | \ 
B 


spall-fission U 


HALOGEN ISOTOPES 


ae a ae rt 


Te-d-n 194/252. 


spall-fission Th £00" 


yy 793,254,121. 
tg 
fission Th ne 
y25set 73,256,257,258, 
23315 259,260,166,261. 
23517 vA dai Puce: 


daughter 
173,224,263 ,264, 


131m 5.249, 
parent (~1%) 2Xe;, 65. 


parent #4» xe 766 


«122 
637 


364 


fission Th 199»162 


9 
y 295-4 73,122,256,267 


daughter 3327Te 259.175, 


271,267,272 


131, 194,255, 


253,254, 


989 


Method of production and 
: ; : Isotope 
genetic relationships 


131 


132 
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RADIOCHEMISTRY 35 


_ Class and Per cent Type of : Radiation energy, MeV. 
Isotope abundance decay Half-life Particles 


133 
255,173 
ne A chem ? Ae B 

chem, Pence 
134 a 

fission fragment 

167 
range 


A chem Baeee OP fy f 
3 
genet 295»277 


136 gs 
I D chem 2° 164 


1-3(~91%), 0-4 (.9%) 
abs 274. 

1-4(~94%), 0°5 (6%) 
abs, B- y coinc?”>: 
1-4 abs757 


1-6 (~70%), 2°8 
(~30%), hard 8 
(weak) abs 27*: 

1.6—1.75, 3.5 — 

4-2 abs 752 


0.5 (35%), 1-0 
(40%), 1-4(25%) 
spect?”. 
l4rabs-> 
1.5°abs-> 


I A chem?°4:178 Gavan : n (mean): 
chem genet ee (~6% of 0.56 abs 
disinte- | 22-55 paraffin 7°. 


grations) : 0-67 p recoil in cl 
179 ch 183 
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Radiation energy, MeV. Disintegration Method of production and 


ar : , : Isot 
¥y-Transitions energy and scheme genetic relationships ae ay 


0-53 (947%), 0-85 (5%), spall-fission Pb 74°, 
1-4(1%) scint spect, 253,254. 
y-¥ coine?”>; fission U20271781277,223, 
0.53 spect 779. 263,278 yp, 262. 


0.55 abs?97 daughter '33P¢ 255.173, 
277,223,279, 263. 


parent!**xe 277,223,2 19. 


parent (2-4%) }3™Xe 
280,281 


> 2-2 Slot D-y-n spall-fission U >; 
> 82. i ’ 
; fission Th?°?, yu 
259,261 17173,255,122, 
> 
284,282,283,273, 
Py 167,262. 
daughter 134M 173,255, 
273 


reaction 


1.8, 1-27 spect ? os spall-fission U? 24 


1.3 abs”; fission Th 7% 
1-6 abs?°?; 1277,223,285,279,276, 


2-4 (1.1%) abs 78? 286,287, 5,262. 
daughter **°Te 285,287; 
parent (~30%) #35™Xe, 

parent (~70%) #35xe 276 


parent 135M Xe 288,2 79. 
135 277,285,288, 
parent “~"Xe 279 


1-4, 2-9 scint fission yy 164.1 76,289 
spect, abs 2899779 235, py 28? 


fission U 1544 76,178, 
181,184,177,,) 181. 


’ 
parent 137y 6 176,177 


fission U, ancestor 
1380, 177 


fission U, parent 


139X¥e, ancestor 
1399 177 
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Class and Per cent | Type of : Radiation energy, MeV. 
Isotope identification abundance| decay Half-life Particles - 


<202 
85 


<203 


6-35 ion ch??? 


B chem, excit, 
genet es 


re 
At 
204 
At 
205 E 
At |Bchem, excit, 
genet or 
206 
At | 
207 | 
j At 
208 
At 


5-90 ion ch??? 


h 774 


|B chem, excit, 
genet aon 


5°75 ionc 


EC~90%, 


a ~10% 
292,291 


B chem, excit, 
genet 292,291 


B chem, excit, 


genet 774 


EC 99+%, 5-65 ion ch 279 


a 0°5% 
293 


5-65 ion ch772 


| EC~95%, 


a ~5% 
291 


|B chem, genet, 
excit 792 


5-519(32%), 5-437 
(31%), 5-355 (37%) 
spect 7?” 


| A chem, excit, 
genet 776 


211 


At 


5-862 spect??”; 


| A chem, excit, 
| 5-89 ion ch 792+294 


genet 299,296 


Refs. p. 996 


De ise: A it 
6-10 ion ch 777 | 


PEC?! 6163 h | : 
genet 291 


39 HALOGEN ISOTOPES 
Radiation energy, MeV. Disintegration Method of production and ee 
Y-Transitions energy and scheme genetic relationships SPSRRS 


% | <202 

aa i 
<203 

i es : = 


291. 


Bi-a-10n 
Au-C-6n ?”? 60 


Bi-a-9n, parent 
204565 291 


205 
Bi-a-8n, parent At 
205p 4 291. 
Au-C-4n 60,97 
206 
Bi-a-7n, parent At 
206Dy5 291 
1 207 
Bi-a-6n792:292. At 


parent ?°’Po, parent 
2033 291 


Bi-a-5n, parent 
208D 9 291 


daughter #*7Fr, parent 
208, 293,294 


Bi-a-4n, parent ?°Po, 
parent 2°pj 294 


0-2, 0-8 scint spect 
, 295 


Bi-a-3n, parent 
210p 9 296,291. 


0-25, 1-15, 1-40 
scint spect 7? 7. 


1-0 abs, abs conv 
296 


parent ?°pi 298 


211 


96,291. 
299,303,296, : At 


Bi-a-2n 


Q, 3°975, Qec 0-9 est?” 
snare Ui oe 
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Class and Per cent | Type of ; Radiation energy, MeV, 
eta abundance) "decay HSE: Particles” | 


E genet, decay ght 9°2 range emuls o04 
charac 297 
214 
At |B genet? ee! 8-78 ion ch 208-309 


8-00 ion ch 7277/3, 
8-4 ion ch 37° 


215 
216 
At A genet 774 q312,311 


217 
At t 313,314 


7:79 ton ch?14402 
7°64 ion ch 722 


3 xK 10* Ss 
delay 
coinc 


308, 
309, 
’ 


short 
(S 54 s) 312 


7-02 ion ch 72°; 
7-00 ion ch 324 


0-018 s 
delay 
coinc 


A gene 


314, 
315, 


0-021 5s 
delay 
coinc 


313 


218 


At 1:5—2°-0s | a: 
at 6-63 range*?”; 
several 6-7 ion ch 748 


219 


At 0-9m229 | a: 6-27 ion ch 22? 


Refs. p. 996 
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Radiation energy, MeV. Disintegration Method of production and feorand 
Y-Transitions energy and scheme genetic relationships P 


descendant ?75P_ 797 


Qa 8-95, Qpc1-05 calc 7% daughter 718 py 398,309 


Qa 8-15, Q’g 00 calc 707 daughter 7°Fr, parent 
Be cO rae. 
natural source, daughter 
215P9 (Ac A), parent 
211; (Acc) 310 


Qqa7:94, Q7, 2-03 calc, Q.-| daughter ”°Fr, parent 
0-46 calc 302 21255 (Thc) 911,309. 
natural source, parent 
Sociehe Guile) eee 
daughter #4*Po (Tha) 72?; 
note 74°Po £- stable/? 


| Q,715, Q%3 0-65 calc 327 daughter 7" Fr, parent 


2135 313,314,315 


Q., 6°75, Qe 2-67 calc 792 | natural source, daughter 
248Po (RaA), parent 


Q 8°39, QB 1-45 est 727 natural source, daughter 
223 (AcK), parent. 


219%m (An), parent 
255i 319 


Refs. p. 996, 


996 RADIOCHEMISTRY 39. 


References 
I Wertenstein, L., Nature, 1934,133,564. (28,3979) 
2 Ellis, C. D. & Henderson, W.J., Proc. Roy.Soc., 1934,146,206. (28,7146) 
3 Newson, H.W., Phys. Rev., 1935,48,790. (30, 678) 
4 Haxel, O., Z. Pye 1935,93,400. (29,3228) 
5 Dubridge, L. A., Barnes, S. W., Buck, J. H. &Strain, C.V., Phys. Rev., (32,4070) 
1938, 53,447, 
6 Perez-Mendez, V. &Lindenfeld, P.,, Phys. Rev., 1950, 80, 1097, (45,2325) 
7 Horsley, R.J., Haslam, R.N.H.&Johns, H. E., Phys. Rew., 
1952,87, 756. (46 ,10923) © 


8 Laubenstein, M. J. W., Laubenstein, Re As, Koester Lied. ‘& Mobley, R. C, 
Phys. Rev., 1951,A81,654. 


9 Perlman, M.L.&Friedlander, G., Phys. Rev., 1948,74, 442, (42,8073) 

JO Kurie, F.N. D., Richardson, J. R. & Paxton, H.C., Phys. Rev., 

1936,48,368. (30,3316) 
Il Perez-Mendez, V.&Lindenfeld, P., Phys. Rev., 1951,83,864. (45,10081) 
12 Richards, H.T., Phys. Rev., 1951,83,694. (45,9382) 
13 Estimated from available data by Hollander, J. M., Perlman, I. &Seaborg, G. T., 
14 Ridenour, L. N. & Henderson, W. J., Phys. Rev., 1937,52,889. (32,2831) 
15 Fowler, W. A., Delsasso, L. A. & Lauritsen, C.C., Phys. Rev., 

1936, 49,561. (30 ,5873) 
16 Baldwin, G.C. &Klaiber, G.S., Phys. Rev., 1946,70, 259. (41, 908) 
17 Snell, A.H., Phys. Rev., 1937,A51,143, (32 ,5292) 
18 Blaser, J.P., Boehm, F. & Marmier, nse Phys. Rev., 1949,75, 1953. (43,7329) 
19 Huber, O., Leinhard, O., Scherrer, P, & Waffler, H., Helv. "Phys. Acta, 

1943, 16,33. (40,5636) 
20 Ruby, L. & Richardson, J. R., Phys. Rev., 195 1,83,698. (45,9382) 
21 Yasaki, T. & Watanabe, S., Nature, 1938,141,787. (32,5299) 
we Krishnan, RS, Nature, 1941, 148,407, (36, 330) 


23 Knight, J.D., Novey, T. B., Cannon, C. V. & Turkevitch, A., 
Met. Lab, Classified Rept., CC-2605, April, 1945, 


24 Zah-Wei Ho, Compt. Rend., 1948,226, 1187. (42 ,4839) 
25 Knox, W.J., Phys. Rev., 1948, 74, 1192. (43, 484) 
26 Templeton, Hoy H., Howland, J.J. & Perlman, LiePhys. Ree es 

1947,72,758. (42,1812) 
27 Davidson, W.L., Phys. Rev., 1940,A57,1086. (35,4689) 
28 Welles, 8. B., Phys. Rev., 1941,59,679. (35,3894) 


29 Pool, M.L. & Kundu, D.N., Private communication, Nov, 1952. ; 
30 Pool, M.L., Cork, J.M.& Thornton, R.L., Phys. Rev., 1937 legen (31,7744) 


31 Borst, L. B., Phys. Rev., 1942,A61, 106. (37,2990) « 
32 Edwards, L.S. & MacMillan, BUA; Phys. Rev., 1952,87,377. (46, 10921) 
33. Holtzman, R. B. &Sugarman, N., Phys. Rev., 1952, 87, 633. (46,10920) 
34 Marquez, L., Phys. Rev., 1952,88,225. (47, 974) 
35 Marquez, L., Phys. Rev., 1952, 86,406, (46,6503) 
36,Greenberg, D.H. & Miller, J.M., Phys. Rev., 1951,84,845. (46,3417) 
37 Aston, F.. W., Phil. Mag., 1920,40,628. | (15,1451) — 
38 Mack, J. E.,Rev. Mod. Phys., 1950,@2,64. (44,5205) 
39 Crane, H. R., Delsasso, L, A., Fowler, W, A, & Lauritsen, C.C., (29,5733) 
Phys. Rev., 1935, 47,971, | | 
40 Nahmias, M. E. & Walen, R. J., Compt. Rend., 1936,203,71, (30,5874) 
41 Snowdon, S.C., Phys. Rew, 1950, 78,299, (44,6735) 
42 Alburger, D.E., Phys. Rev., 1952, 88, 339. (47, 9°75) 
43 Littauer, R. M., Phil. Mag., 1950, 44, 1214. (45,2788) 
44 Jelley, J. V., Proc. Phys. Soc., 1950,A63,538, (44,7667) 
Jelley, J. nies Phil. Mag., 1950,41, 1199, P - (45,2788) 
45 Bower, J.C. & Burcham, W.E., Proc. Roy. Soc., 1940,173,379. (34,1244) 
46 Curran, S.C. & Strothers, J.&., Proc. Cambr. Phil. Soc., 1940, 36, 252. (34,4984) © 
47 Nemilov, As & Gedeonov, i pee Doklady, 1950, 70, 219, (45,9382) 


48 Seren, re Friedlander, H.N. & Turkel, Sun, Phys. Rev. , 1947,72,888. (42, 817) 
49 Kinsey, B. B., Bartholomew, G. A. & Walker, W.H , Phys. Rev., 


1950,78,481. (44,7159) 
50 Hoag, J.B., Phys. Rev., 1940,57,937. (34,4658) 
51 White, M. G., Creutz, pre C., Delsasso, L. A. & Wilson, R.R., Phys. Rev., ‘ 

1941, 59,63. (35,1303) — 
52 Schelberg, A. D., Sampson, M. B. & Mitchell, A.C. G., Rev, Sci, instr., 


1948, 19,458, (42,8068) — 
53 Boley, F.1. & Zaffarano, D.J., Phys. Rev., 1951,84, 1059. (46,3867) 


39 HALOGEN ISOTOPES 997 


54 Frisch, O.R., Nature, 1934,133,721. (28,4302) 
55 Sagane, R., Phys. Rev., 1936,50, 1141, (31,2088) 
56 Brandt, H., Z.Phys., 1938,108,726. (32,5699) 
57 Waffler, H. &Hirzel, O., Helv. Phys. Acta, 1948,21,200, (42,8631) 
58 Zah-Wei Ho, Phys. Rev., 1946,70,782. (41,2324) 
59 Ticho, H.K., Phys. Rev., 1951,84,847. (46,3417) 


60 Miller, J. F., Hamilton, J. G., Putnam, T. M., Haymond, H. R. & Rossi, G. B., 

, Phys. Rev., 1950,80,486. (45, 957) 
61 Sherr, R., Phys. Rey., 1940,57,937. (34,5344) 
62 Bothe, W. & Genther, W., Z. Phys., 1939,112,45. (33,6711) 
63 Rudstam, G., Stevenson, P, C.& Folger, R. L., Phys. Rev., 1952,87,358. (46,9440) 
64 Batzel, R. E., Miller, D. R. &Seaborg, G. T., Phys. Rev., 1951,84,671. (46,2926) 


65 Nier, A.O. &Hanson, E.E., Phys. Rev., 1936,50,722. (31,2088) 
66 Grahame, D. C.& Walke, H.J., Phys. Rev., 1941,60,909. (36, 964) 
67 Wu, C.S., Townes, C. H.& Feldman, L., Phys. Rev., 1949,76,692, (43,8870) 
68 Johnston, F. & Willard, J. E., Phys. Rev., 1949,75,528. ~ (43,4118) 


69 Reynolds, S. A., 'reptd.in Oak Ridge Nat. Lab. Classified Rep., 
ORNL-286. Sept., 1949. 
70 Hughes, D. J., Eggler, C. & Goldstein, N., reptd. in Argonne Nat. Lab. 
Classified Rep., CP-3801, May, 1947. 
71 Overman, R.T., U.S. At. Energy Commission Declassified Document, 
- AECD-857. April, 1947. 


72 Feldman, L.& Wu, C.S., Phys. Rev., 1952,87, 1091. (46, 10925) 
73 Wu, C.S.H Feldman, L., Phys. Rev., 1949,76,693, (43 ,8870) 
74 Wu, C.S. & Feldman, L., Phys. Rev., 1951,82,457. . (45,6077) 


75 Johnson, C.M. Gordy, W. &Livingston, R., Phys. Rev., 1951,83,1249.(45,10085) 
76 Amaldi, E., D’Agostino, O., Fermi, E., Pontecorvo, B., Rasetti, R.& 


Segre, E., Proc. Roy. Soc., 1935,149,522. (29,4257) 
77 Kennedy, J. W. &Seaborg, G. T., Phys. Rev., 1940,57,843. (34,4658) 
78 Cobble, J. W. & Atterbury, R. W., Phys. Rev., 1950,80,917. (45,1434) 
79 Hurst, D. G. & Walke, H., Phys. Rev., 1937,51, 1033. (31,6103) 
80 Curran, S.C., Dee, P. I. &Strothers, J. E., Proc. Roy. Soc., 1940,174,546 (34,3581) 
81 Van Voorhis, S.N., Phys. Rev., 1936,A49,889. (31,5678) 
82 Slatis, H., Arkiv Mat. Astron. Fys., 1945,32A,No. 16. (41,1548) 
83 Hole, N. &Siegbahn, K., Arkiv Mat. Astron. Fys., 1946,33A,No. 9. (41,4708) 
84 Langer, L.M., Phys. Rev., 1950,77,50. (44,1819) 
85 Watase, Y.&Itoh, J., Proc. Phys. Math. Soc. Japan, 1939,21,626. (34,2702) 
86 Watase, Y., Proc. Phys. Math. Soc. Japan, 1941,23,618. (36, 331) 
87 Itoh, J., Proc. Phys. Math. Soc. Japan, 1941,23,605. (36, 330) 
88 Myers, V.& Wattenberg, A., Phys. Rev., 1949,75,992, (43,4119) 
89 Akabori, H.et al., Proc. Phys. Math. Soc. Japan., 1941,23,599. (36, 333) 
90 Wagner, G. & Wiig, E.O., J.A.C.S., 1952,74,1101. (47,4215) 
91 Miller, D. R., Thompson, R. C. & Cunningham, B. B., Phys. Rev., 

1948, 74,347. (42,6642) 
92 Batzel, R. E. &Seaborg, G. T., Phys. Rev., 1951,82,607. (45,6504) 


93 Miller, D.R., Ph.D. Thesis, Univ. California Radn. Lab. Declassified 
Rep., UCRL-142, July, 1948. 
94 Haslam, R.N. H., Katz, L., Johns, H. E. & Moody, H.J., Phys. Rev., 
1949, 76,704. (43,8869) 
95 Hopkins, H.H., Ph.D. Thesis, Univ. California Radn. Lab, Declas sified 
Rep., UCRL-312. March, 1949. 
96 Haslam, R.N.H., Katz, L., Moody, H. J. &Skarsgard, H.M., Phys. Rev., 
1950,80,318. (45, 466) 
97 Hollander, J. M., Ph.D. Thesis, Univ. California Radn. Lab. Declas sified 
Rep., UCRL-1396, July, 1951, 


98 Woodward, L, L., McCown, D. A. &Pool, M.L., Phys. Rev., 1948,74,870.(43, 485) 


99 Fultz, S.C.&Pool, M.L., Phys. Rev., 1952,86,347. (46 ,6504) 
100 Hopkins, H.H. & Cunningham, B. B., Private communication. Aug. 1948. 
101 Canada, R. & Mitchell, A.C.C., Phys. Rev., 1951,83,955, (45,9383) 
102 Canada, R. & Cuffey, W.H., Lessor, A. E. & Mitchell, A.C.C., Phys. Rev., 
1951,82,750. (45,6502) 
103 Snell, A. H., Phys. Rev., 1937,52,1007. (32,1569) 
104 Bleuler, E. & Ziinti, W., Helv. Phys. Acta, 1946,19,375. (41,5383) 
105 Valley, G. E.& McCreary, R.L., Phys. Rev., 1939,56,863. (34, 673) 
106 Buck, J.H., Phys. Rev., 1938,54, 1025. (33,2030) 
107 Chang, W. Y., Goldhaber, M. &Sagane, R., Nature, 1937,139,962. (31,5674) 
108 Heyn, F. A., Nature, 1937,139,842. (31,4893) 


66 


998: RADIOCHEMISTRY 


109 Williams, D. & Yuster, P., Phys. Rev., 1946,69,556. 

110 Segre, E., Halford, R. S.&Seaborg, G. T., Phys. Rev., 1939,55,321. 
Ill Mims, W. & Halban, H., Proc. Phys, Soc., 1951,64A,311. 

112 Rothwell, P.& West, D., Proc. Phys.Soc., 1950,63A,539. 


113 Lidofsky, L. J., Macklin, P. A.& Wu, C.S., Phys. Rev., 1950,78A,318. 


114 Mihelich, J. W., Phys. Rev., 1952,87,646. 
115 Grinberg, A. P. & Roussinow, L.1., Phys. Rev., 1940,58,181. 
116 Wright, W. E. & Deutsch, M., Phys. Rev., 1951,82,277. 


117 Alichanian, A.I., Alichanov, A. I. & Dzhelepov, B.S., Phys. Z.Souwjet., 


1936,10,78, 


39. 


(40,5993) 
(33,2799) 
(45,8369) 
(44,7665) 
(45,6073) 
(46, 10924) 
(34,6521) 
(45,5529) 


(31,2089) 


118 Goldstein, N. &Spatz, W., reptd. in Met. Lab. Classified Rep., CF-3574, 


October, 1946. 
119 Nervik, W.E., reptd. in Univ. California Radn. Lab. Classified Rep., 


UCRL-1632, Jan. 1952, 


120 Biller, W., reptd. in Univ. California Radn, Lab. Classified Rep. 


UCRL-1507, Oct. 1951. 


121 Folger, R. L., Stevenson, P. C. &Seaborg, G. T., Univ. California Radn. 


Lab. Classified Rep., UCRL-1195, Revised May 1951. 


122 Polessitsky, A. & Nemerovsky, N., 


U.S.S.R., 1941,4,284. 
124 Reynolds, J.H., Phys. Rev., 1950,79,789. 
125 Laberrigue-Frolow, J., Compt. Rend., 1951,232,1201. 
126 Barber, W.C., Phys. Rev., 1947,72,1156. 
127 Laberrigue-Frolow, J., Compt. Rend., 1952,234,2599. 
128 Chatterjee, S.D.& Saha, N.K., Indian J. Phys., 1948,22,515. 
129 Dzhelepov, B.S., Anton’eva, N. M. &Shestopalova, S. A., Doklady, 
1949, 64,309, 
130 DeVault, D.& Libby, W.F., Phys. Rev., 1940,58,688. 
131 Goldhaber, M. & Hill, R.D., Rev. Mod. Phys., 1952,24,179. 
132 Orsini, A., An. Fac. Farm. Odont., 1949,7,9. 
133 Siday, R. E., Proc. Roy.Soc., 1941,178, 189. 
134 Kurtchatov, B., Kurtchatov, I., Myssowsky, L. & Roussinov, L., 
. Compt. Rend., 1935,200,1201. 
135 Berne, E., Phys. Rev., 1950,77,568. 
136 Winteringham, F.P.W., Nature, 1951,167,155. 
137 Sinclair, W.K. & Holloway, A. F., Nature, 1951,167,365. 
138 Roberts, A., Downing, J. R. & Deutsch, M., Phys. Rev., 1941,60,544. 
139 Deutsch, M., Phys. Rev., 1942,61,672. 
140 Siegbahn, K., Hedgran, A. & Deutsch, M., Phys. Rev., 1949,76,1263. 
141 Dzhelepov, B. &Silantov, A., Doklady, 1952,85,533. 
142 Hubert, P. & Laberrigue-Frolow, J., Compt. Rend., 1951,232,2420. 
143 Berthelot, A., Ann. Phys., 1944,19,219. 


144 McGowan, F.K., Oak Ridge Nat. Lab. Unclassified Rep., ORNL-952, 


March, 1951. 
145 Rotblat, J., Nature, 1941,148,371. 
146 Miskel, J. A.& Wahl, A.C., Phys. Rev., 1951,84,700. 
147 Sugarman, N., Phys. Rev., 1952,86A,604, 
148 Templeton, D. H., Goeckermann, R.H., Howland, J. J.&Perlman, I., 
Unpublished data, Jan., 1947, 


(44,10537) 
~ (45,6508) 
(42,1123) 
(46,8984) 


(4410537) 
(35, 972) 
(47,2046) 


(35,6508) 


(29,3908) 
(44,3368) 
(45,6078) 
(45,5529) 
(36, 331) 
(36,4022) 
(44, 453) 


(45, 10083) 
(39,2927) 


(36, 331) 
(46,2420) 


149 Perlman, I., Howland, J. J.& Templeton, D.H., Unpublished data, 1947. 


150 Perlman, I., Goeckermann, R. H., Templeton, D. H. & Howland, J. J., 
Phys. Rev., 1947,72,352, 

151 Goeckermann, R. H. &Perlman, I., Phys. Rev., 1949,76,628. 

152 O’Connor, P.R.& Seaborg, G. T., Phys. Rev., 1948,74,1189. 


(41,7250) 
(43 8855) 
(43, 488) 


153 Feldman, M.H., Glendenin, L. E. & Edwards, ‘P.R., Nat. Nuclear Energy 


Series, Plutonium Project Record, New York, 1951,9,598. 
154 Canada, R.& Mitchell, A.C. G., Phys. Rev., 1951,81,485. 
155 Langsdorf, A. &Segré, E., Phys. Rev., 1940,57,105. 
156 Haslam, R.N. H. &Skarsgard, H.M., Phys. Rev., 1951,81,479. 
157 Glendenin, L. E., Nat. Nuclear Energy Series, Plutonium Project 
Record, (Editor’s Note), New York, 1951,9,592. 
158 Duffield, R. B. & Langer, L.M., Phys. Rev., 1951,81,203. 
159 Walker, J., Proc. Phys.Soc., 1952,65A,449. 
160 Newton, A.S., Phys. Rev., 1949,75,17. 
161 Bretscher, E.&Cook, L. G., Nature, 1939,143,559. 
162 Turkevich, A.& Niday, J.B., Phys. Rev., 1951,84,52. 


(45,4573) 
(34,2249) 
(45,4573) 


(45,2788) 
(46, 109277) 
(43,4127) 
(33,4869) 
(46, 360) 


ompt. Rend., U.S.S.S.,1940,28, 217. (35,2788) 
123 Polessitsky, A., Nemerovsky, N., Orbeli, M. & Baronckik, N., J. Phys. . 


= 


49 HALOGEN ISOTOPES 999 


163 Ballou, N.E., Burgus, W. H., Dial, J. B., Glendenin, L. E., Finston, H., 
Ravely, M.F., Schloss, B. & Sugarman, N., N.N.E.S., Plutonium 
Project Record, New York, 1951,9,1410. 


164 Strassman, F.& Hahn, O., Natuwiss., 1940,28,817. (35,4676) 
165 Moussa, A. & Goldstein, L., Phys. Rev., 1941,60,534. (35,7825) 
Moussa, A. & Goldstein, L., Compt. Rend., 1941,212,986. (36,6077) 


166 Steinberg, E.P,, Seiller, J. A., Goldstein, A. &Dudley, A., U.S.At.E nergy 

Commis sion Declassified Document, MDDC-1632, Jan., 1948) 
167 Katcoff, S., Miskel, J. A.&Stanley, C.W., Phys. Rev., 1948,74,631. (42,8077) 
168 Steinberg, E. P. & Freedman, M.S., N.N.E.S., Plutonium Project Record, 

_ New York, 1951,9,1378. 

169 Dodson, R. W. & Fowler, R.D., Phys. Rev., 1939,55,880. (33,5284) 
170 Born, H. J. & Seelmann-Eggebert, W., Naturwiss., 1943,31,86. (37,4008) 
171 Katcoff, S., Finkle, B. & Sugarman, N., N.N.E.S., Plutonium Project 

Record, New York, 1951,9,587. 
172 Langer, L. M. & Duffield, R. B., Private communication, October 1952. 


173 Hahn, O. &Strassmann, F., Naturwiss., 1939,27,529. (33,9121) 
174 Hahn, O. &Strassmann, F., Phys. Z., 1939,40,673. (34,1910) 
175 Glendenin, L.E., N.N.E.S., Plutonium Project Record, New York, 
1951,9,590. 

176 Seelmann-Eggebert, W. & Born, H. J., Naturwiss., 1943,31,59. (3775312) 
177 Sugarman, N., J. Chem. Phys., 1949,17,11. (43,2861) 
178 Snell, A. H., Levinger, J.S., Meiners, E.P., Sampson, M. B. & Wilkinson, R.G., 

Phys. Rev., 1947,72,545. (42,1499) 


Idem. N.N.E.S., Plutonium Project Record, New York, 1951,9,603. 
179 Levinger, J.S., Meiners, E. P., Sampson, M. B., Snell, A. H. & Wilkinson, R.S., 
N.N.E.S., Plutonium Project Record, New York, 1951,9,603. 
180 Hughes, D.J., Dabbs, J., Cahn, A. &Hall, D., Phys. Rev., 1948,73,111. (42,1813) 


181 Redman, W.C. &Saxon, D., Phys. Rev., 1947,72,570. (42,1500) 
182 Stehney, A. F. & Sugarman, N., AECD-3047, January, 1951. 

Stehney, A. F. &Sugarman, N., Phys. Rev., 1952,89, 194-203. (47,4755) 
183 Burgy, M., Pardue, L. A., Willard, H. B. & Wollan, E.O., MDDC-16, 1946. 
184 Sugarman, N., J. Chem. Phys., 1947,15,544, (41,7249) 


185 Snell, A. H., Nedzel, V. A., Ibser, H. W., Levinger, J. S., Wilkinson, R.G. 
&:Sampson, M. B., Phys. Rev., 1947,72,541. (42,1499) 
186 Coryell, C.D., Unpublished data quoted in NNES,PPR, 1951,9,2013., 
Appendix 3. 


187 Marquez, L. & Perlman, I., Phys. Rev., 1950,78,189, (44,6737) 
188 Marquez, L.&Perlman, I., Phys. Rev., 1951,81,953. (45,5037) 
189 Dropesky, B. & Wiig, E.O., Phys. Rev., 1952,88,683. (47,3141) 


190 Tilley, D.E., Abs. 77, June Mtg., Roy.Soc. Canada, 1952. 
191 Hyde, E. K. & Mathur, H.B., Private communication, June, 1952. 
192 Young, J.N., Pool, M.L.& Kundu, D.N., Phys. Rev., 1951,83, 1060. (45,10083) 
193 Mitchell, A. C.G., Mei, J. Y., Maienschein, F.C. & Peacock, C.L., 
Phys. Rev., 1949,76,1450. (44, 948) 


194 Livingood, J. J.&Seaborg, G. T., Phys. Rev., 1938,54,775. (33,1211) 
195 Dubridge, L. A., Private communication to G. T.Seaborg, 1940. 

196 Stevenson, D. T. & Deutsch, M., Phys. Rev., 1951,83, 1202, (45,10078) 
197 Meem, J. L.& Maienschein, F., Phys. Rev., 1949,76,328. (43 ,8268) 
198 Reid, A. F. & Keston, A.S., Phys. Rev., 1946,70,987, (41,2325) 
199 Glendenin, L. E. & Edwards, R.R., Phys. Rev., 1947,71,742. (41,4709) 
200 Bergstrém, I., Phys. Rev., 1951,82,111. (45,5530) 
201 der Mateosian, E., Private communication, October, 1952. 

202 Friedlander, G. & Orr, W.C., Phys. Rev., 1951,84, 484, (46,1884) 
203 Bowe, J.C. & Axel, P., Phys. Rev., 1952,85,858. _ (46,5996) 
204 Siegbahn, K. &Forsling, W., Arkiv Fys., 1949,1,505. (44,2381) 
205 Tape, G. F. & Cork, J. M., Phys. Rev., 1938,53A,676. (33,5278) 
206 Perlman, M. L. & Friedlander, G., Phys. Rev., 1951,82,449. (45,6079) 
207 Macklin, P., Lidofsky, L. & Wu, C.S., reported in CU-96, June, 1951. 

208 Stevenson, D. T. & Deutsch, M., Phys. Rev., 1951,84,1071. (46,4387) 
209 Perlman, M,L., Phys.Rev., 1949,75,988. (43,4116) 


210 McElhinney, J., Hanson, A. O., Becker, R. A., Duffield, R. B. & Diven, B.C., 
Phys. Rev., 1949,75,542. (43,4115) 


211 Ogle, W.E., Brown, L. J. &Carson, A.N., Phys. Rev., 1950,78,63. (44,6298) 
212 Nier, A.O., Phys. Rev., 1937,52,933. (32,2829) 
213 Mims, W. B.&Halban, H., Proc. Phys. Soc., 1951,64A,753. (46, 10005) 
214 Hull, D. E. &Seelig, H., Phys. Rev., 1941,60,553. (36, 332) 


215 Siegbahn, K. & Hole, N., Phys. Rev., 1946,70, 133. (40,6338) 


1000 RADIOCH EMISTRY 39 


216 Hummel, V. &Hammermesh, B., Phys. Rev., 1951,82,67. (45,5038) 
217 Katcoff, S., Phys. Rev., 1947, 71,826. (41,4709) 
218 Katcoff, S., Schaeffer, O. A. & Hastings, J.M., Phys. Rev., 1951,82,688. (45,6503) 
219 Parker, G. W., Creek, G. E., Hebert, G. M., Lantz, P. M. & Martin, W. eye 

reptd. in ORNL-286, September, 1949, 
220 Borkowski, C. J. & Brosi, A.R., reptd. in ORNL-607, March, 1950. 


221 Thulin, S. & Bergstrom, ia Phys. Rev., 1952,85, 1055. (46,5997) 
222 Roberts, A., Elliott, L. G., Downing, J. R., Peacock, W.C.& Deutsch, M., 
Phys. Rev., 1943,64,268. | (38, 680) 
223 Wu, C.S., Phys. Rev., 1940,58,926. (35, 974) 
224. Seaborg, G. T., Livingood, J. J. &Kennedy, J. W., Phys. Rev., 
"1940, 57,363. (34,5745) 
225 Sreb, J.H., Phys. Rev., 1951,81,643. (45,5035) 
226 Bartholomew, R. M., Brown, F., Hawkings, RECS Merritt, W. F.,& Yaffe, L., 
Canad. Chem. J., 1953, 31, 120-5, (47,6789) 
227 Kurie, F. N. D., Unpublished data quoted in Ref. 225, 
228 Bell, R. E. & Graham, R.L., Phys. Rev., 1952,86,212. (46,7885) 
229 Ketelle, Be H., Zeldes, Hy Brosi, AR: & Dandl, oe A., Phys. Rev., : 
1951, ‘84, 585. (46, 1884) 
Zeldes, H., Brosi, A. R. &Ketelle, B.H., Phys. Rev., i951, 81,642. (45,4574) 
230 Rose, D., Hinman, G. & Lang, L. G., Phys. Rev., 1952, 86,863. (46,7894) 
231 Caswell, R. S., Ph s. Rev., 1952, 86, 82. (46,5982) 
232 Cavanagh, P, E., hil. Mag., 1952, 43, 22k; (46,10927) 


233 Bell, P.R., Davis, R. C., Francis, J. E, & Cassidy, J., reptd. in 
ORNL-1092, January, 1952. 
234 Verster, N. F., Nijgh, C. J., v. Lieshout, R. & Bakker, c. J., Physica, 


1951,17,637. (46, 358) 

235 Nijgh, G. J., Verster, N. F., Nussbaum, R.H.v. Lieshout, R. & Bakker, C.J., 
Physica, 19£2,17,658. (46, 358) 

236 Cork, J. M., Rutledge, W. C., Stoddard, A. E., Branyan, C. &.&Childs, W. J., 
Phys. Rev., 1951,81,482. (45, 4573) 
237 Thulin, S., Phys. Rev., 1951,83,860. (45,9384) 
238 Bell, P. R. , Cassidy, J. M. & Kelley, G.G., Phys. Rev., 1951,82, 103. (45,5035) 
239 Feister, I, & Curtiss, L.F., Phys. Rev., 1950, 78,179. (44,6737) 
240 Kern, B.D. Mitchell, A.C. G. & Zaffarano, D. J., Phys. Rev., 1949, 76,94.(43,6913) 
241 Metzger, F.& Deutsch, M., Phys. Rev., 1948,74,1640. (43,2089) 


242 Downing, J.R., Deutsch, M. & Roberts, A., Phys. Rev., 1942,61,686. (36,4757) 
243 Bell, R.E., Graham, R. L. & Petch, H. E., ‘Canad. J.Phys., 1952, 30,35. (46,7884) 
244 Lind, D. AS Brown, J., Klein, D., Muller, D. & DuMond, J., Phys. Reve 

1949, 75,1544. (43,5296) 
245 Haskins, J. R.&Kurbatov, J.D., Phys. Rev., 1952,88,884. (47,3141) 
246 Cavanagh, P.E., Phil. Mag., 1952,43,648. 
247 Brosi, A.R., Ketelle, B. H. & Zeldes, H., reptd. in ORNL-1116. Feb. 1952. 


248 Schiff, D., Phys. Rev., 1952,85A,727 (47,6776) 
249 Brosi, A. R., DeWitt, T. W. & Zeldes, H., Phys. Rev., 1949,75,1615. (43,5296) 
250 Owen, G. E., Moe, D. & Cook, C.S., Phys. Rev., 1948, 74, 1879. (43,3285) - 
Moe, D., Owen, G. E. & Cook, CrSi. Physikev., 1949, 75, 1270. (43,4948) 
251 Emery, E.W., Phys. Rev., 1951,83,679. (45, 10083) 
252 Roberts, A. & Irvine, J. W., Phys. Rev. -, 1941,59,936. \ (36,3433) 
253 Fermi, FE. & Segre, E., Phys. Rev., 1941,59, 680. (35,3896) 
254 O’ Connor, PR: & Seaborg, Gos Unpublished data, 1947. 
255 Abelson, ee Phys. Rev., 1939,56,1. (33,6713) 
256 Grummitt, W. E. & Wilkinson, G., Nature, 1946, 158, 163. , (40,6338) 


257 Sullivan, W. H., Johnson, O. & Nottorf, R., N.N.E.S.-PPR, 1951,9,984.. 
258 Katcoff, S., Finkle, B., Sugarman, N., Glendenin, L. E. & Winsberg, tae 

N.N. E. S.-PPR, 1951,9, 1017, 
259 Yaffe, L. & MacKintosh, C.E., Canad. Res. J., 1947,25B, 371. (42, 452) 
260 Grummitt, W. E. & Wilkinson, G., Nature, 1948, 161,520, (42,6646) 
261 Grummitt, W. EF. & Wilkinson, G., CRC-470, March, 1951. 
262 Finkle, B., Hoagland, E. J., Katcoff, S. & Sugarman, N., N.N.E.S.-PPR, 

1951,9,1368. 


263 Pappas, A.C., Phys. Rev., 1951,81A, 299. (46,6946) 
264 Cook, G.B., AERE-C/R-729, June, 1951. 

_ 265 Bergstrom, I., Phys. Rev., 1950,80,114. (45, 469) 
266 Graham, R.L.& Bell, R.E., Phys. Rev., 1951,84,380. (46,1885) 


267 Novey, T.B., Sullivan, W. H., Coryell, C.D., Newton, A.S., Sleight, N.R., 
& Johnson, O., N.N.E.S.-PPR, 1951,9,958. 


: 
: 


39 HALOGEN ISOTOPES 1001 


268 Suzor, F., Ann. Phys., 1949,4, 269. (43,8270) 
269 Born, H. J. &Seelmann-Eiggebert, W., Naturwiss., 1943,31,201. (S679) 
270 Maienschein, F.C., Bair, J. K.& Baker, W.B., Phys. Rev. ., 1951,83,477. (45,89 10) 
271 Hahn, O. & Strassmann, F., Naturwiss., 1939, 27, 451. (33 ,8107) 
272 Winsche, W. E., Stang, L.G. & Tucker, W.D. , Nucleonics, 1951,8,No.3,14,(45, 10092) 
273 Pappas, A.C.&Coryell, C.D., Phys. Rev., 1951,81A,329. (46,6948) 


274 Pappas, A.C., Private communication, October, 1952. 
275 Brosi, A. R. & Gross, P. M., reptd. in Mon N-432, Dec. 1947, ORNL-65, 
July 1948, "ORNL-499, Dec. 1949. 
276 Peacock, W. C., Brosi, A. R.& Bogard, A. D., reptd. in ORNL- L716, 
November, 1948, 


277 Segre, E. & Wu, C.S., Phys. Rev., 1940,57,552. (34,3585) 
278 Sullivan, W. H. & Katcoff, Si VeNeE so. -PPR, 1951,9.1015. 
279 Wu, C.S, & Segre, E., Phys. Ree ., 1945,67, 142, (39,2452) 


280 Zeldes,. i. , Ketelle, B. H. & Brosi, A.R., reptd, in ORNL-1036, Sept. 1951. 
281 Ketelle, B. H., Brosi, A.R. & Zeldes, H., reptd. in ORNL-870, Mar. 1951. 
282 Levy, H. A. & Feldman, M, H., reptd. in ORNL-286, Sept.1949. 
283 Katcoff, S., Finkle, B., Hoagland, E. J., Sugarman, N., Glendenin, L.E. 
& Metcalf, R.P., N.N.E.S.-PPR. 1951, 9,982. 

284 Polessitsky, A. &Orbeli, M., Compt. Rend., U.R.S.S., 1940,28,215. (35,2788) 
285 Dodson, R. W. & Fowler, R. D., Phys. Rev., 1940,57, 966. (34,5746) 
2 86 Glendenin, LE. & Metcalf, R. Pie NoNeE S. -PPR, 1951, 9,992. 
287 Katcoff, S., Dillard, C. R., Finston, H., Finkle, B., Seiler, J.A.& 

Sugarman, N., N.N.E.S.-PPR, 1951,9, 1005. 


288 Gotte, H., Naturwiss., 1940.28,449. (35,3161) 
289 Stanley, Cow. & Katcoff, sear J Chem. Phys., 1949,17,653. (43,8872) 
290 McKeown, M. & Katcoff, S., ‘Private communication, October, 1952. 

291 Barton, G. W., Ghiorso, A. & Perlman, I., Phys. Rev., 1951, 82, 13. (45,5036) 


292 Templeton, D. H., Ghiorso, A. &Perlman, I., Unpublished data, June, 1948. 
293 Hyde, E.K., Ghiorso, A. &Seaborg, G.T., Phys. Rev., 1950,77,765. (44,6290) 
294 Momyer, F. F., Hyde, E.K., Ghiorso, A.&Glenn, W.E., Phys. Rev., 

1952,86,805. _ (46,7895) 
295 Martin, D.F., Unpublished data, August, 1952. 
296 Kelly, E.L. &Segre, E., Phys. Rev., 1949,75,999. (43,4123) 
297 Hoff, R. W. & Asaro, F., ’Private communication, August, 1952. 
298 Neumann, H.M., Ghiorso, A. & Perlman, I., 1 ublished data, 1950. 


299 Corson, D.R., MacKenzie, KeR: & Segre, E hys. Rev., 1940,57,459 
and 1087. (34,3584) 
300 Neumann, H. M. &Perlman, I., Phys. Rev., 1951,81,958. | (45,5036) 


301 Hall, K.L.& Templeton, D. re Unpublished data. August 1951. 

302 Seaborg, G. T., Glass, R.A. & Thompson, S.G., J.A.C.S.,(In press). 

303 Corson, D.R., Mackenzie, K. R. & Segre, E., Phys. Rev., 1940,58,672. (35, 972) 
304 Berkeley Chemistry Group, Unpublished data, 1947-1952. 


305 Seaborg, G. T., Cunningham, B. B., Hopkins, H.H., Lindner, M., Miller, D.R., 


O’Connor, P. R., Perlman, I. & Thompson, R.C., Phys. Rev., 
1947, 72A, 740. (43,409 2) 
306 Weissbluth, M., Putnam, T. M. &Segré, E., Private communication, 
July, 1948. 
307 Keys, J.D., Ph.D. Thesis, McGill University, 1951. 
308 Meinke, W. W., Ghiorso, A.& Seaborg, G. T., Phys. Rev., 1949,75,314. (43,4126) 
309 Meinke, W. W., Ghiorso, A. &Seaborg, G. T., Phys. Rev., 1951,81,782, (45,4574) 


310 Karlik, B. & Bernert, T., Naturwiss., 1944,32,44. (40, 518) 
311 Ghiorso, A., Meinke, W. W.&Seaborg, G. T., Phys. Rev., 1948,74,695. (42,8632) 
312 Karlik, B. & Bernert, T., Naturwiss., 1943,31,492. (38,3544) 

313 English, ArGe Cranshaw, T. E., Demers, P, Harvey, J, Aeeruincks “EPS 
Jelley, J. V.& May, A. N. , Phys. Rev., 1947, 72, 253. (41, 6140) 

314 Hagemann, F’., Katzin, L.I., Studier, M.H., Ghiorso, A. & Seaborg, Gi, 

Phys. Rev,, 1947,72,252. (41,6140) 

315 Hagemann, F., Katzin, L. I., Studier, M. H.,.Seaborg, G. T. & Ghiorso, A., 
Phys. Rev., 1950,79, 435. (44,9266) 
316 Cranshaw, T.E.&Harvey, J. A., Canad. J. Res., 1948,26A, 243. (42 ,8619) 
317 Karlik, B. & Bernert, T., Naturwiss., 1943,31,298; Z. Phys, 1944,123,51.(38, 19) 
318 Walen, R.J., Compt. Rend., 1948,227,1090. (43,3287) 
Walen, R. te is Phys. Radium, 1949, 10, 95. (43,4951) 


319 Hyde, E.K.&Ghiorso, A., Phys. Rev. .» 1953,90, 308; UCRL-2019, 
November, 1952. (47,9172) 


SECTION XL 
THE PREPARATION OF RADIOACTIVE HALOGENS. 
By W.J. ARROL 


INTRODUCTION 
THE n,y REACTION 


Most preparations of radioactive substances are carried out by irradiating 
target materials with neutrons in a nuclear reactor. Several neutron-induced 
reactions can be used for production purposes. In the n,y reaction, a 
neutron is absorbed in the target nucleus to form a composite nucleus one 
mass unit heavier than the target and in a highly excited state. It usually 
passes to the ground state in a very short time with the emission of one or 
more y-quanta.’ The y-rays.arising from this process are usually energetic: 
for example, those from the capture of neutrons in iron are about 5MeV. and 
those from several other elements may reach about 8MeV.”* In this nuclear 
process no change of nuclear charge occurs, so that target and product nuclei 
are chemically the same. The specific activity of an element rendered 
tadioactive by a simple n,y process is therefore limited. It may be cal- 
culated from the relationship: 

ae 0.6 Fo (lee -0-69¢/ ry 
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where 
S = specificactivity in curies per gram, 
F = neutron flux in neutrons per square centimetre 
per second, 
atomic weight of the target element, . 
go = excitation cross section in barns (1 barn = 10°*sqa.cm.), 
t = irradiation time, 
T = half-life of isotope formed, in the same time unit as for t. 


Ml 


This calculation is conveniently carried out with the aid of a specially 
designed calculator.* 


THE n, p REACTION 


Another nuclear reaction is the n, p reaction in which the target nucleus 
absorbs a neutron and emits a proton to give the required nuclide. In this 
case the nuclear charge of the product is one unit less than that of the target 
nucleus so that the two are chemically different and the activity could theo- 
retically be separated chemically from the target material and produced truly 
‘carrier-free’. In fact it is exceedingly difficult to be sure that inactive 
atoms isotopic with the radioactive product nuclide are not present in the 
target material, so that the term ‘carrier-free’ should be used with consider- 
able caution. An example of an n,p reaction is found in the preparation 
of active phosphorus, **P, from pile-irradiated elementary sulphur.® The 
product, although of very high specific activity, probably consists of *?P 
atoms diluted with **P which was present in traces in the original target 
sulphur. 
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The activity to be expected through the n, p reaction from the pile irra- 
diation of a target material cannot in general be calculated from the formula 
used to calculate the specific activity of an element undergoing the n, y 
reaction, as the meaning of the term ‘excitation cross section’ is here less 
precise than in the latter case. The n, y process is usually most efficiently 
brought about by neutrons which have been slowed by multiple collisions to 
thermal energies, so that the cross section of a target nuclide to thermal 
neutrons, which is the effective area of an atom of the nuclide, is measurable 
and quite well defined even in pile conditions where neutrons of different 
energies up to more than 1MeV. are present. It may be calculated from 
mass-energy relationships that most n, p reactions will be endothermic. If 
this is so, there will be a threshold neutron energy below which the reaction 
will not occur at all, and above this threshold the cross section of the target 
nuclide for the reaction increases markedly with increase in neutron energy. 
All that can be done is to itradiate target material in that part of the pile 
where the highest flux of fast neutrons is present and obtain by experiment 
some idea of the average cross section for the n,p reaction in these con- 
ditions. The previously mentioned relationship may then be used for cal- 
culating the yield of product activity per gram of target material (S) with 
different times of irradiation and different neutron fluxes, assuming the energy 
spectrum of the neutrons to be constant in the different regions of the pile 
used. The latter condition certainly does not hold at all well, so that the 
calculation is usually suitable only for estimating the order of magnitude of 
the activity to be expected, whereas in the case of n,y reactions, the cal- 
culated activity yields, for positions in the pile where slow neutron fluxes 
are known, are usually accurate to about +20%. 


OTHER REACTIONS USED IN PRODUCTION 


Another primary neutron-induced reaction is the n,a reaction in which a 
neutron is absorbed into the target nucleus and an a-particle emitted. The 
product nucleus is of atomic number two less than the target nucleus, so 
that chemical separation of a very high specific activity material is again 
possible. In this case, as in the case of the n, p reactions, it is usual for 
the reaction to be endothermic and brought about only by neutrons exceeding 
a minimal threshold energy. 

The fission of uranium-233, uranium-235 or plutonium=-239 in the pile 
results in the formation of large activities of mixed radioactive nuclides. 
One kilogram of ordinary uranium metal irradiated for a few days at a flux of 
about 10*? neutrons/cm.*=sec. will contain, at pile shut-down, a quantity of 
the order of 100 curies of mixed fission products. Although much of this 
activity is short lived, it is possible to extract individual fission products at 
high specific activity. Even these materials, however, are not truly carrier- 
free because they are frequently diluted with stable isotopes occurring as 
the end-products of other fission chains. 

There are several cases in which material of high specific activity is 
made by first carrying out an n,y reaction on a target element to produce an 
active nuclide of short half-life isotopic with the target element, this iso- 
tope then undergoing B=decay to give the required nuclide which is itself 
radioactive. An example is the preparation of active iodine, *“I, from 
tellurium. Tellurium-130 (of isotopic abundance 34-4% in natural tellurium) 
undergoes the n, y reaction to ***Te, which decays by B-emission to**I. As 
the B=decay has changed the atomic number, the product nuclide is chemi- 
cally separable from the target material. Even in this case, however, the 
product is not truly carrier-free, as traces of ordinary stable iodine are 
almost always present in the elementary tellurium used for the irradiation and 
traces of stable and very long lived iodine are also formed from the target 
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A method of producing material of high specific activity by means of the 
n, y reaction is the Szilard-Chalmers process.° When the composite nucleus 
resulting from the capture of a neutron gets rid of its excess energy by 
emission of a high energy y-quantum, the product nucleus will recoil from 
this with an energy which may be calculated using the relativistic momentum 
of the y-quantum. With y-rays having energies of the order usually associated 
with the n, y reaction, this recoil energy of the product nucleus may be cal- 
culated as of the order of several hundred electron volts and therefore much 
greater than chemical bond energies which are commonly of the order of 1—5 
electron volts.’ Thus, in general, a nucleus undergoing an n, y reaction will 
recoil out of the chemical compound in which the element is present as 
target material and may appear in quite a different chemical form. If the 
activity in its final chemical form does not exchange rapidly with the same 
element in the chemical form of the target, chemical separation of the activity 
from the target element is possible. The ratio of the specific activity of 
the active material prepared by this process to the activity which would have 
been obtained by the n,y process on the ordinary target element is called 
the enrichment factor for the process. The Szilard-Chalmers process is 
sometimes of value in pile preparations.® It can also be applied to nuclear 
reactions other than those induced by neutrons.’ In the pile, with very low 
neutron doses and with carefully selected Szilard-Chalmers processes, 
enrichment factors may be as high as 15,000—20,000. The enrichment factor 
for a given Szilard-Chalmers process falls off with neutron dosage and with 
other factors, so that for producing in about 100 gms. of target material useful 
activities of the order of millicuries of a nuclide having a half-life of a few 
days, a Szilard-Chalmers process giving an enrichment factor of 500—1000 
would be about the best that could be expected. 

All the production processes outlined above will, almost without excep- 
tion, produce radioactive nuclides with more neutrons than are required for 
stability, and they will decay usually by emission of negatively charged 
G-particles, with or without accompanying y~tadiation. Nuclear reactions 
are possible with other bombarding particles, and many of these result in 
neutron deficient radioactive nuclides which will in general decay by positron 
emission ot K-capture. The number of such radioactive materials which are 
useful for tracer and other purposes is much less than that of those nuclei 
which decay by ordinary B-emission. The particles of use in such reactions 
are protons, deuterons and a-particles, and these are produced in cyclotrons 
and other particle accelerators. High energy y-rays are produced from linear 
accelerators and are capable in some cases of giving useful activities through 
the y=-n reaction. 


RADIOACTIVE FLUORINE 


The only isotope of fluorine which can be used for tracer purposes is 
18F which has a half-life of 110 minutes. The isotopes *7F and *°F have 
half-lives of 70 sec. and 11 sec. respectively, and have not been prepared 
except for the study of their physical properties. The isotope **F, which 
emits positrons mostly of about 0-7 MeV. maximum energy, has been prepared 
for biological tracer purposes by proton bombardment of the oxygen of dis- 
tilled water. The nuclear reaction’® would be **O(p,n)'*F.. This isotope 
has been used only as fluoride. No Szilard-Chalmers processes are used 
and no elaborate syntheses have been carried out. : 


RADIOACTIVE CHLORINE ISOTOPES 
CHLORINE — 36 


Only two radioactive chlorine isotopes are of interest for tracer purposes: 
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chlorine—36 and chlorine—38. Chlorine—36 is of half-life about 4x10° years 
and it emits only f-particles of maximum energy 0-714 MeV. The nuclear 
reactions for its formation are Cl-n-y and Cl-d-p, so that almost all the pro- 
duction of chlorine—36 is by pile irradiation of chlorine in the chemical 
form of a simple chloride’ such as potassium chloride. When chlorine—36 
was first prepared, Szilard-Chalmers processes were used, sodium chlorate 
and sodium perchlorate solutions being the target materials in the Berkeley | 
37-inch cyclotron. The chlorine—36 was co-precipitated with silver iodide 
and isolated as sodium chloride. Careful purification, particularly from any 
traces of sulphur—35 (formed from the reaction **Cl(n,p)**S), did not change 
its activity.’ 

Chlorine—36 is most satisfactorily prepared by irradiating potassium 
chloride in the highest available neutron flux for very long periods, of the 
order of years. The excitation cross section for chlorine —35 is 43 barns 
(43x107™ sq.cm.) and its natural isotopic abundance is 75+-4%. After one 
year’s irradiation at 10** neutrons/cm.’-sec. *°Cl will be present in natural 
chlorine to a specific activity of about 250c/g. Because of its very long 
half-life, isotopically pure chlorine—36 will have a specific activity of only 
about 25 millicuries per gram, so that a specific activity of 250 pc/g: implies 
the conversion of 1% of the *5Cl to **Cl. 

Activities other than chlorine—36 produced by the neutron irradiation of 
_ potassium chloride are: 


Met by Cl y) Cl 
35S by 35C] (n, hee 
32D by 35C] (n, a)??P 
42K by 4k (n,y)?7K 


Chlorine~—36 may be separated from these by allowing the short-lived **Cl to 
decay and then recovering the chlorine from the system by any one of a 
number of processes, the simplest being to add excess of sulphuric and 
phosphoric acids to act as hold-back carriers for **S and **P, and then to 
- distil off the hydrochloric acid containing the **Cl. This may be repeated 
if necessary until the *®Cl is radioactively pure. 

Where only low neutron fluxes are available, potassium perchlorate may 
be used as a target material for the preparation of chlorine—36 by the Szilard- 
Chalmers process, but there is some doubt as to the wisdom of subjecting 
perchlorates to high neutron fluxes at pile temperatures above 100°C. for 
long periods, because of the risk of chemical decomposition. 


CHLORINE—38 


Chlorine—38 has a half-life of 38 min. and emits B-=particles of maximum 
energies 4-8, 1-1 and 2-8 MeV. and y-rays of energies 2-1 and 1-6 Mev. It 
is usually made by the n, y process on natural chlorine. Chlorine—37 has a 
natural isotopic abundance of 24-6% and an excitation cross section of 0-61 
barns. The irradiation of potassium chloride as target material produces at 
a flux of 10** neutrons/cm.*-sec. a saturation specific activity of 7 millicuries 
per gram of chlorine in a few hours. After such an irradiation, the activity 
of **Cl is negligible, but **K, *°S and **P activities will appear to some extent 
and may need to be eliminated by the methods indicated above. 


RADIOACTIVE BROMINE ISOTOPES 


| Of the fourteen radioactive bromine isotopes known, only three, bromine— 

82 and the two isomers of bromine=-80, are produced by the pile irradiation of 
bromine. Bromine-82, with a halfelife of 35 hours, is almost always used 
for tracer and other purposes, and the 4.4 hour *°Br, isomeric with 18 minute 
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S°Br, is usually allowed to decay. Bromine-82 emits S-particles of maximum 
energy 0-46 MeV. and y rays having energies ranging from 1-32 to 0-55 MeV. 
The isotopic abundance of *Br is 49-48% and the excitation cross section is 
2-25 barns. In a week’s irradiation at a flux of 10%? neutrons/cm.*-sec. the 
natural mixture of bromine isotopes attains a saturation specific activity of 
22 mc/g. The usual target material is potassium bromide or ammonium bromide. 

If bromine-82 is required at higher specific activity than is attainable in 
the highest available pile flux, a Szilard-Chalmers process must be used. The 
Szilard-Chalmers process with solid potassium bromate as the target material 
has been extensively studied and can be made to give very large enrichment 
factors.’2"? A ninety-fold enrichment is obtained** with an irradiation of one 
half-life at a thermal neutron flux of about 6x10"! neutrons/cm.?-sec. 

It should, incidentally, be reiterated that the enrichment factor for a Szilard= 
Chalmers reaction carried ovt in a pile varies enormously with increased 
irradiation time. In the case of bromate quoted above, the specific activity of 
the product fell by a factor of only about 3 when the irradiation time was in- — 
creased from about one hundredth of a half-life to two or three half-lives. The 
enrichment factor is the ratio of this specific activity to the specific activity 
of the pure element irradiated under the same conditions. Because the specific 
activity induced in the element is small in an irradiation of one hundredth of a 
half-life, the enrichment factor is very large — in the case of bromate, 22,000. 
At two half-lives, the enrichment factor had fallen to 47.** As in ordinary 
pile irradiations it is often convenient to irradiate for about one half-life of 
the radionuclide being produced, the usefulness of a Szilard-Chalmers process 
might well be assessed by considering the enrichment factor for an irradiation 
period of about one half-life at maximum available flux. 

Other target materials that have been used for Szilard-Chalmers enrichment 
of bromine include ethyl bromide, ethylene dibromide, bromobenzene, and other 
organic bromo-compounds.**"*’ In general, organic bromine compounds are less 
stable under irradiation conditions than is potassium bromate, and the specific 
activities of ®°*Br obtainable are consequently lower. A better yield may be ob- 
tained by adding aniline tothe organic bromo-compound used as irradiation target+* 


SYNTHESIS BY RECOIL ATOMS 


It is possible in some cases to use the recoil energy of a radionuclide 
formed by an n,y reaction to carry out a synthesis which would not occur by 
ordinary thermal means. This has been done both for iodine=128 and for the 
bromine isotopes 80 and 82.*°* In particular, when a mixture of dibromo- 
benzene and acetic acid is irradiated, a large activity of methyl bromide can 
be recovered at exceedingly high specific activity. In one case a mixture of 
180 ml. of acetic acid and 20 ml. of dibromobenzene was irradiated in the 
thermal column of the British Experimental Pile (B.E.P.O.) at Harwell and the 
methyl bromide formed was carried out in a hydrogen stream. As much as 50 
millicuries of methyl bromide were found to be present although there was not 
enough material to be visible.” 

The number of cases where this type of synthesis is possible is limited, 
and in spite of its ingenuity the method seems unlikely ever to become impor- 
tant. 


RADIOACTIVE IODINE ISOTOPES 


‘The only stable iodine isotope is iodine-127. This under neutron bombard- 
ment gives rise to the 25-minute isotope iodine-128 through the n, y reaction. 
Much of the early work with radioactive iodine and on the Szilard-Chalmers 
reaction was done on this short lived nuclide which emits B=particles of 
1:59 and 2-02 MeV. and y-rays of energy 0-43 Mev.°? The half-life is so 
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short that this isotope of iodine is not prepared as a routine matter, nor is it 
of much use for tracer purposes. 

A certain amount of work has been done with itodine-130 of half-life 12-6 
hours.7*?4 This emits B-particles of maximum energies of 1-03 and 0-61 MeV. 
and y-rays of energies 0-75, 0-67, 0-54 and 0-42 Mev. It is prepared in the 
cyclotron by the reaction**°Te (d,2n) **°I, or preferably by **°Te(p,n)**°l. The 
nuclide is not a fission product. As in the case of iodine-128, the half-life 
of iodine-130 (and also the inconvenience of irradiation in the cyclotron) has 
led to its being largely abandoned for tracer purposes. 

The most generally useful radioactive iodine isotope is iodine-131 of 
half-life 8-0 days. This has a complex decay scheme. The most energetic 
P-particles have a maximum energy of 0-815 MeV., though most (87-2%) have 
a maximum energy of 0-61 MeV. The most energetic y-rays are of energy 
0-722 MeV., though the proportion of these is small. 

Recently, iodine-132 of half-life 2.4 hours has been made available in a 
very convenient chemical device.* It emits S-particles of maximum energies 
2-2, 1-4 and 0-9 MeV. and y-rays of 2-0, 1-4 and 0-69 MeV. It is produced in 
uranium fission as the daughter product of 77-hour tellurium-132. The use of 
an iodine isotope of such a short half-life is desirable in certain clinical 
applications where the material is to be administered frequently to a particular 
patient. It would not normally be feasible to prepare and supply this todine 
isotope for use in this way, but a technique has been devised for supplying 
the 77-hour tellurium-132 in a chemical system from which the daughter iodine- 
132 can be recovered in the elementary form and used as required. When the 
apparatus is left after an extraction, the iodine~132 grows again, so that the 
effective half-life of the source is nearly 77 hours although that of the product 
is only 2-4 hours. 

The parent tellurium-132 is separated from mixed fresh fission products 
prepared from uranium that has been pile-irradiated for about ten days. The 
tellurium is dissolved in a eutectic mixture of lithium and potassium chlorides 
and shipped, as a solid solution of m.p. 365°C., in a small apparatus incorporat- 
ing a heating furnace. Each time iodine-132 is required, the salt eutectic is 
_ melted and air is passed through the melt, carrying the free iodine into any 
suitable absorbing system. The activity of iodine-132 recoverable from a 
source of telluriumel32 which was of a known activity at a given time is 
_ easily calculable at various intervals after that time, provided the history of 
previous recoveries is also known.?® 


LARGE SCALE PREPARATION OF IODINE-131 


Iodine-131 is by far the most important radioactive isotope of iodine and is 
used not only as a tracer in biochemical and academic studies but also in 
_ medicine for diagnostic and therapeutic purposes. At the present time (1952) 
world production of iodine-131 may be as high as 25—30 curies per week. 
_ For production on the scale of about 5—10 curies per week in a particular 
laboratory, one of two processes can be used. The first involves the neutron 
irradiation of tellurium and the second is the production of the fission product 
iodine=131. Fission product iodine-131 has been produced in the United 
States since about 1948, and iodine-131 has been prepared from tellurium at | 
Harwell, England since 1949. The second method of production will be de- 
scribed first. 

Tellurium-130 is present in natural tellurium in an isotopic abundance of 
34.5%. It undergoes the n,y-reaction to tellurium-131 which has isomers of 
half-lives 30 hours and 25 minutes, the latter decaying to iodine-131. If 
natural tellurium as metal is irradiated in the pile at a flux of 10*? neutrons/ 
cm.*+sec. for two weeks, it will contain iodine-131 to the extent of about 3 
millicuries per gram. As this product differs chemically from the target element 
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Lead wall 


Fig. 1. APPARATUS FOR EXTRACTION OF I[ODINE-131 


it might be thought possible to prepare it truly carrier-free. In fact, n,y reac- 
tions on tellurium-126 and ~128 produce small quantities of stable iodine=127 
and the very long lived iodine-129, so that the iodine-131 will be diluted in 


the ratio of about 1:4. Still more important, however, as a limitation on attain-_ 
able specific activity, is the fact that all specimens of commercial tellurium | 


metal contain traces of inactive iodine, of the order of 1-100 parts per million. 
If target tellurium is carefully selected and contains only 2 parts per million 
of iodine=127, then a fresh solution of iodine-131 prepared from an irradiation 
at 10‘? neutrons/cm.*-sec. for two weeks will contain an amount of the order of 
one microgram of iodine=127 per millicurie of iodine-131, or about 100 atoms 
of inactive iodine per atom of active iodine. 


Levy, Keston and Udenfriend describe a method for recovering iodine=131 _ 
from irradiated tellurium by fusion with caustic soda in glass flasks.7° The 
iodine passes into the caustic soda phase mostly as iodide, whilst the tel- 


lurium is unchanged. This process, whilst giving a high yield, is not suitable 


for large scale production because of the difficulty inherent in carrying it out — 
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by remote control. The earlier method of Livingood and Seaborg is also un- 
suitable for large scale production.*” The present general method was first 
put forward by Perlman, Chaikoff and Morton.”* It is referred to briefly as that 
used in Oak Ridge for some time”? and was later examined in some detail at 
the Atomic Energy esearch Establishment (A.E.2.E.), Harwell.*%? 

Elementary tellurium is selected for low inactive iodine content and ground 
to about 40-100 mesh. It is placed in aluminium cans approximately twelve 
inches long and one inch in diameter, each holding 150 grams. The cans are 
closed and are irradiated in the pile at a maximum available flux of about 10%” 
neutrons/cm.*-sec. for two weeks. After irradiation, each can contains 
iodine=131 to the extent of about 400 millicuries, together with a considerably 
smaller activity due to various radioactive tellurium isotopes. The cans, 
suitably shielded, are transported to the chemical laboratory for extraction. 

The simplest apparatus for extraction is shown in Fig. 1. (see page », 
It consists of a 5-litre dissolving flask, a receiver which, like the dissolving 
flask, can also become a distilling flask, and a receiver from which the final 
distillate can be removed for evaporation. The stopcocks are of large bore, 
of high vacuum quality, well ground, and ungreased because iodine vapour is 
_tapidly absorbed in grease. 

One can of irradiated tellurium is opened and held in tongs. The tel- 
lurium is poured into the dissolving flask and is dissolved under reflux ina 
mixture of chromicand sulphuric acids, the chromic acid being about 50% w./V. 
and the sulphuric about 50% v./v. Much heat is evolved in this reaction, so 
it is important that the particle size of the ground tellurium should not be too 
small or the reaction may get out of control. During this process, the dis- 
solving flask may be heated cautiously with a battery of infra-red lamps, and 
a spiral of glass tube dips into the solution so that, if necessary, cold water 
may be passed to retard the reaction. A trap placed above the reflux con- 
denser contains a mixture of sodium hydroxide solution and sodium bisulphite 
to catch any iodine vapour coming off during the dissolving process. In fact, 
hardly any activity is ever found in it. 

As the tellurium dissolves in the highly oxidizing acid mixture, the iodine- 
131 appears in solution in the chemical form of iodic acid which 1s not volatile 
at about 150°C. In order to distil off the iodine~131, the contents of the 
dissolving flask are cooled to room temperature and excess of solid oxalic 
acid is added. This reacts over a period of two hours or so and reduces 
excess chromium trioxide to chromic ion and iodic acid to iodine, but does not 
reduce telluric acid as far as elementary tellurium. Then, with the stopcock 
leading to the reflux condenser closed and those leading to the first receiver 
open, the iodine is distilled into a trapping solution of sodium hydroxide and. 
sodium bisulphite by which it is reduced to iodide. This first distillate ts 
often too impure for medical and many other purposes: it can contain tellurium, 
chromic ion and oxalic acid carried over by entrainment. The oxalic acid is 
destroyed with permanganate which again oxidizes the iodide to iodate. Then 
a large excess of sulphuric acid is added and the minimum amount of oxalic 
acid required to destroy excess permanganate and reduce the iodic acid again 
to iodine. The iodine can then be redistilled and trapped in 10 ml. of 0-01N- 
sodium hydroxide into which sulphur dioxide has been passed. 

After two distillations, the iodine-131 is free from all objectionable im- 
purities. It may happen that traces of sulphuric acid have come over by 
entrainment and the pH is sometimes as low as 2—3. The solution is raised 
to the boiling point in an open vessel for two minutes to expel as much sulphur 
dioxide as possible without losing iodine activity as hydriodic acid. The pH 
is then adjusted to 8—9 and the solution evaporated down until it contains 
about 10 millicuries per ml. It is standardized for activity and analysed spectro- 
graphically before being dispensed. The overall chemical yield is high, 
usually above 90%, 
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PRODUCTION OF FISSION PRODUCT IODINE-131 


It is well known that large activities of fission product iodine-131 are 
obtained by dissolving irradiated uranium metal in nitric acid, and steam- 
distilling the solution.*® Working details of this process are unpublished. It 
is believed that the chemical yield is about 70% and that an output of about 
ten curies of usable iodine-131 can be made per batch. 


CHOICE OF IODINE-131 PRODUCTION METHOD 


The two methods of producing iodine-131 in the pile, from fission products 
and from tellurium, have both advantages and disadvantages. Fission product 
iodine as usually prepared has as carrier iodine-127 and iodine-129 which occur 
themselves as fission products, but in a fresh solution the carrier level may 
not be higher than 20—30 atoms of stable (or near-stable) iodine per atom of 
iodine-131. The disadvantage of the method is that relatively very large 
activities of mixed fission products must be handled whilst a given activity of 
iodine is extracted. Short livéd iodine activities must be allowed to decay, 
and the isotope iodine-133 of half-life 22 hours must have decayed to a neg- 
ligible relative activity before the 8-day lodine-131 can be used. This means 
a decay of about ten days after removal of the irradiated uranium from the pile 
and even then there may be present between 50 and 100 curies of mixed fission 
products per curie of usable iodine-131. This means that heavy shielding 
must be provided and also complete remote handling equipment, which is 
costly. On the other hand, once the heavy capital expenditure has been made, 
the production can be carried out by very fewand relatively unskilled operators 

In producing iodine from pile-irradiated tellurium, the specific activity 
is limited by the amount of stable iodine present in the target material. With 
piles having a maximum flux of around 10%? neutrons/cm.*-sec. a production of 
10 curies of iodine-131 a week would entail the processing of about 5kg. of 
irradiated tellurium powder and this, because of the unpleasant dissolving 
process, would require a number of small glass plants. On the other hand, 
almost all the y-radiation hazard is due to iodine-131 itself, and the shielding 
problem is relatively slight. 

The choice of production method really depends on the available neutron 
flux. In piles with maximal fluxes of 10'* neutrons/cm.*-sec. or less, routine 
production of large activities of high specific activity iodine would make it 
necessary to use the fission product method. In piles with an available flux 
of 10**—10'* neutrons/cm.*-sec., a 10 curie per week production could be 
obtained from 50—500 g. of target tellurium and the processing of this ina 
single, small apparatus would be safe and straightforward. 
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SECTION XLI 
CYCLOTRON TARGETS CONTAINING HALOGENS. 
By F.D.S. BUTEMENT 


In order to withstand the intense local heating produced during the bombard- 
ment of a cyclotron target, the halogens have usually been irradiated in the 
form of compounds which are relatively stable and non-volatile when heated 
in a vacuum. Certain volatile substances, sealed in thin-walled metal con- 
tainers, have also been used. Substances used include the fluorides of cal- 


cium,’ sodium or lead,? aluminium*® and barium or caesium,‘ the chlorides of 


lead,® sodium or nickel,® lithium,’ rubidium® and potassium,’ the bromides of 


sodium, potassium and lead,*° ammonium bromide™ and cuprous bromide,** the 


iodides of potassium and lead,** ammonium iodide wrapped in aluminium foil 


and iodine sealed in a platinum capsule.“ 
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SECTION XLII 
CHEMICAL USES OF THE R ADIOHALOGENS 
By C.B. AMPHLETT 


Radioactive halogens were much used in chemical studies even before 
pile-produced nuclides “became available; the neutron activation cross- 
sections of the species °’Cl, Br, Brand '?’I, and the half-lives of the pro- 
ducts formed, are such that with the aid of a radium—beryllium neutron source 
and Szilard-Chalmers enrichment. techniques (see page 1106), sufficient 
activity may be obtained for tracer experiments in any laboratory. More recent 
developments in nuclear physics have enabled the work to be greatly extended. 
Many: types of investigation have been carried out, some of which could not 
have been pursued by any other means, e.g. studies of chemical exchange, of 
equivalence of like atoms in a molecule, and of self-diffusion both in solids 
and in solution, as well as specific experiments designed to elucidate reaction 
mechanisms. 


A. EXCHANGE REACTIONS INVOLVING RADIOHALOGENS 


If an exchange takes place between two atoms of the same element present 
in two different. stable chemical species» existing together, e.g. between 
iodide ion and ethyl. iodide, the process will not be observable by ordinary 
chemical-means. If, however, one of the species: is initially: labelled with 
radioactive atoms, then the exchange may be followed by separating the two 
species and measuring the growth of activity in that initially inactive, or the 
decrease in activity of that initially active, the activities being corrected for 
radioactive decay during the experiment... The-rate thus measured corresponds 
to the ‘total. numberof. exchanges, both active and: inactive. The heat of 
reaction.is negligible, since, reactants and-products: are-identical, but the 
random. distribution of nuclides finally established results im)-an increase in 
entropy, and hence, the free energy change will be negative. The energy of 
activation is usually quite appreciable, and may be large when unfavourable 
steric limitations have to be overcome: 

The kinetics of simple homogenous. exchange reactions were first derived 
by McKay* for the exchange between alkyl iodides and iodide ion in organic 
solvents, .and an: independent: derivatiom was later given by Duffield and 
Calvin.? Myers and Prestwood) have given'a generalized treatment of homo- 
geneous exchange, including the more complex case involving one. species 
containing two atoms of the same element in each molecule which exchange at 
different rates with the second species. For simple homogeneous exchange 
the rate of appearance of activity in the initially inactive species is found,to 
obey a simple exponential law; this result is independent of the mechanism of 
the exchange, of the number of exchanging atoms, and)of the specific activity. 
We can thus speak of an ‘exchange half-time’ under given conditions, referring 
to the time taken for the specific activity of either species to change from its 
initial value to a value half-way towards that corresponding to a random dis- 
‘tribution between the two-species, corrections for decay being made. Half- 
times can vary enormously, from complete exchange, during mixing and sepata- 
tion to negligible exchange over several days. When exchange is rapid, care 
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must be taken to minimize the possibility of exchange being induced by the 
separation procedure, and the practical problems involved are fully discussed 
elsewhere.* The kinetics of individual exchange reactions are followed by 
measuring exchange rates, obtained from exponential exchange plots, under 
varying conditions of concentration, temperature, acidity, etc., as in normal 
chemical kinetics. 

Heterogeneous exchange is kinetically more complex, since the exponen- 
tial law is followed only if the re-distribution of activity in the two phases is 
rapid compared with either the rate of exchange or the rate of diffusion across 
the interface.* This is not usually true for solids, and in a solid-liquid 
system two stages are observed; the initial rapid exchange involves the 


surface layers only, and is used to measure specific surface area, while the 


slow exchange which follows is controlled by the incorporation of the activity 
into the bulk of the material. This second stage is controlled by factors 
such as diffusion and recrystallization, and may show dependence upon tem- 
perature, solubility, particle size, and lattice defects; much use has been 
made of this type of exchange to study ionic migration in solids. 
Homogeneous and heterogeneous exchange reactions involving the radio- 
halogens are tabulated in Appendices I and II, which are reproduced, by per- 
mission, from more general tables given by Myers and Prestwood.’ In what 
follows, the general features of some of these systems are examined in more 
detail, together with an account of more recent work published up to December, 


19535 


The Mechanism of Homogeneous Exchange Reactions 
A large number of homogeneous exchange reactions can be shown to pro- 
ceed by one of two mechanisms, viz:-° 
(i) Association-controlled exchange: the reactants form a 
labile association complex, its stability varying for dif- 
ferent systems, which on dissociation may give either un- 
changed reactants or products with exchange. The ex- 
change is controlled by the equilibria:- 


AX + BX* = [ABXxX*] = AX* + BX, 


where X* represents the radioactive atom. Such a process 
will be bimolecular, with first-order dependence on each of 
the reactants. The rate-determining step in electron- 
transfer reactions is usually of this kind, the transfer 
taking place within the labile transition-state complex. 
(ii) Dissociation-controlled exchange: exchange is controlled 
' by dissociation of one of the species, e.g. 


AX EX mA bey ik ee 


the exchange is unimolecular, of first-order with respect to 
AX and independent of the concentration of X. 


Exchange Reactions in Inorganic Systems. 

Apart from fluorine, the halogens and corresponding hydrogen halides 
exchange rapidly and completely in the vapour phase and in solution. Bromine 
and hydrogen bromide exchange completely in less than two minutes at room 
temperature in the vapour phase or in dry carbon tetrachloride;** chlorine and 
hydrogen chloride exchange in the vapour phase in the dark, and also in 
benzene;**° iodine and hydrogen iodide exchange in the vapour phase and in 
dry pentane.**° Rapid exchange has also beer observed between halogens 
and halide ions in aqueous solution;****"* in this case the exchange is too 
rapid for kinetic measurements to be made, and it is usually assumed that the 


mechanism involves the trihalide ion X,. An attempt was made to measure 
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the rate of the chlorine-chloride exchange by adding acetanilide to the ex- 
change system in 94% water - 6% ethanol,** so as to compare the exchange 
rate with the rate of chlorination of acetanilide, which is itself rapid. Ex- 
change was found to be about one hundred times as fast as the latter reaction. 
Halford has used this result, together with known data on the chlorination 
reaction, to estimate a lower limit for the exchange rate, which may be com- 
pared with lower and upper limits calculated from thermochemical and equili- 
brium data for the three possible exchange mechanisms shown below: 


Seer ater sCicl* Cl” °(1) 
ei Olt eater in eernOcl + Cl* = Cl 4+ .H,0 +.CICl* (2) 
Ge One Creel Oo Cit — Cl + OH-+ CICI*. (3) 


It appears from these considerations that exchange proceeds via the trihalide 
ion, and this result may be extended to the other halogens with some certainty. 

It seems likely that the exchange between halogens and hydrogen halides 
proceeds by a similar mechanism, involving the intermediate HX,. The rapid 
homogeneous gas-phase exchange between bromine and hydrogen bromide was 
at first thought to involve a chain reaction initiated by bromine atoms 
arising from the ionization of the gas by the beta-particles, viz.,° 


Br+ BrBr* — BrBr + Br* 
Brt + HBr — HBr* + Br 


The rate is, however, unaffected by coating the walls of the vessel with 
paraffin wax or by painting the vessel black, while a similar exchange rate is 
observed at an activity level some 20,000 times smaller;’ it is therefore 
concluded that the exchange is a simple bimolecular reaction involving the 
intermediate HBr,.. The exchange between chlorine and hydrogen chloride is 
largely heterogeneous, the homogeneous component (in vessels coated with a 
fluorocarbon oil) being very slow.** The homogeneous reaction is photo- 
catalyzed, the initial quantum yield for Hg 3650 A. radiation being 110; in 
this case the exchange is presumably due to a rapid reaction between chlorine 
atoms on the one hand and chlorine molecules and hydrogen chloride on the 
other. 

The exchange between fluorine and hydrogen fluoride is immeasurably 
slow at room temperature, either in the ‘dark or when irradiated with a mercury 
arc, no exchange being observed in thirty minutes for a mixture of 36cm. 
hydrogen fluoride and 30 cm. fluorine.” A slow exchange at 200°C. was 
found to be heterogeneous and catalyzed by fluorides of the metal of the 
vessel employed. In this paper the general question of halide~hydrogen 
halide exchange is discussed, and it is shown that the observed half-times 
are much too small for exchange to proceed via thermal dissociation of the 
halogen, except possibly with iodine, but that exchange would be possible 
via a complex HX, provided that the activation energy for its formation is not 
greater than 11 kg.-cal.mole™*. Since for exchange to occur the X atoms in 
HX, must be equivalent, it is suggested that the structure of the complex may 
be | : 

7\™= 

sc ei 
Whichever mechanism is accepted, the rate of the fluorine-hydrogen fluoride 
exchange will be slow. If it is dissociation-controlled, the high heat of 
dissociation of fluorine is prohibitive; if association-controlled, several 
factors militate against the formation of a complex with the above configura- 
tion. Fluorine has no electrons in shells higher than the second which could 
be used in the extra bonding involved, and the strength and polarity of the 
bond in hydrogen fluoride would probably favour formation of a linear complex 
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of the form Fe « «+ -H+e « « «fs « » eF, having non-equivalent fluorine atoms not 
liable to exchange. 

Fluorine and hydrogen fluoride also exchange readily with the interhalogen 
compounds. The exchange between fluorine and labelled chlorine trifluoride, 
bromine pentafluoride, or iodine heptafluoride provides an interesting example 
of the changing balance between two different mechanisms as conditions are 
altered.*® In all three cases the rates show a first-order dependence on 
fluorine concentration and a complex dependence on the halogen fluoride; in 
the case of chloride trifluoride and iodine heptafluoride the latter dependence 
changes with increasing temperature over the range 180-260°C., while for 
bromine pentafluoride it is unaltered. The results are explained.on the basis 
of a dual mechanism, viz. (i) a heterogeneous, surface-catalyzed exchange, 
similar to that between fluorine and hydrogen fluoride, and (ii) a homogeneous 
gas phase exchange controlled by the dissociation XF, SMP si,24+' Fos Broz 
mine pentafluoride, dissociating negligibly over the temperature - range studied, 
exchanges by the first mechanism alone, and the dependence of rate on the 
concentration of this species is eee aeee unchanged as the temperature 
changes. ‘The other two interhalogen compounds dissociate increasingly with 
increasing temperature, so that the importance of the homogeneous component 
of the overall rate increases also. By making certain plausible assumptions 
it has proved possible to separate the overall rate curves into the homogeneous 
and heterogeneous components and thus to isolate the individual rate con- 
stants and activation energies. 

The exchange between hydrogen fluoride and a number of halogen fluorides 
is found to be rapid in both liquid and vapour phases;*’ in the liquid phase it 
is suggested that it takes place via ionization equilibria of the type 


HF +IF, = IF,* tHE 
HE + .Brk; < Brie + HF? , 


although the possibility of exchange via association complexes Has not Been 
eliminated. Similarly, the rapid exchange of fluorine between chlorine and 
bromine trifluorides is thought to involve the equilibrium 


CIF,+ BrF,; = CIF,1 + BrF,; 


in all these cases the ionization equilibria concerned are those proposed to 
_ explain the electrochemical behaviour of these systems. The vapour phase 
exchange between hydrogen fluoride and the halogen fluorides appears to be 
largely homogeneous, although it may proceed partly as a heterogeneous 
exchange catalyzed by fluorides of the metal of the walls (cf. the HF=F, 
exchange) and also as a separation-induced exchange on the sodium fluoride 
used to remove hydrogen fluoride. It is considered that the homogeneous 
exchange proceeds by an association mechanism involving intermediates ‘of 
the type HCIF, (with a configuration similar to IF,;) and HBrF, (similar to IF,); 
‘this would explain why negligible exchange is observed between hydrogen 
fluoride and either sulphur hexafluoride or dichlorodifluoromethane, since 
neither sulphur nor carbon has further stable orbitals for association reactions. 
The fact that iodine heptafluoride also exchanges readily requires the as- 
sumption of a different mechanism since the iodine atom already exhibits its 
maximum covalency; possibly this may revolve a dissociation mechanism 
such as the following: 


IF, = 1 +, 
IF, + HF = HIF, 


The first step is known to lead to rapid and: complete exchange. of fluorine 
atoms,*® while the second is similar to the mechanism proposed above for the 
other halogen fluorides. 
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Several studies have been made of exchange in aqueous solution involving 
oxy-anions of the halogens; in general much longer half-times are found than 
for halide ions, with values varying from hours to years according to the con- 
ditions employed. The exchange between iodine and iodate ion has been 
most thoroughly investigated: early workers suggested that this must proceed 
by a specific oxidation-reduction mechanism*® and subsequent work has 
enabled the complex mechanism to be elucidated.*”?° Since iodic acid is a 
weak acid, the concentration of iodate ion in solutions containing iodic acid 
depends upon the neutral salt concentration, and the observed iodate ion 
dependence is different when a neutral salt of an acid other than iodic acid is 
present. The observed exponents in the rate expression are all fractional, 
but integral orders are obtained if we assume that exchange proceeds via the 
equilibrium 


SI +10, + 6H* = 31, + 3H,0. 


This enables the observed rate law to be converted to a sixth-order expression 
involving integral powers of all reactants, and comparison is made with other 
rate laws suggested for the reaction between iodide and iodate ions in acid 
solution. Although the actual exchange step is not known, it is suggested 
that it involves the transfer of two electrons between the ions IO,* and I” 
present in a transition complex of the type [I0,*, x*, H*, 1, Hee X” may 
either be iodate or the anion of the added see Sais Rechance between 
iodine and periodate ion is much slower, and a similar type of mechanism 
has been suggested, although little experimental work has been done on this 
system;** exchange between iodate and periodate ions is very slow, but is 
catalyzed by molecular iodine, again suggesting a specific oxidation-reduction 
mechanism. 

Attempts to measure the rate of exchange between bromine and bromate 
ion lead to difficulties connected with the slow attainment of the equilibria 
upon which the exchange depends; exchange rates are thus obtained which 
may also vary according to the method of separation employed.** By com- 
parison with the kinetics of reactions involving the oxy-acids of bromine it has 
proved possible to reveal the causes of the discrepancies, but the determina- 
tion of the actual exchange rates remains beset with difficulty. Work on the 
oxy-acids of chlorine has shown that the exchange between chlorine or 
chloride ion and either hypochlorite, chlorite, or chlorate ion, as well as with 
dissolved chlorine dioxide, is slow but measurable in acid or neutral solu- 
tions.”*”7* On the other hand, chlorine dioxide exchanges very rapidly in solu- 
tion with either chlorite ion or chlorous acid. 

Reference should be made to studies on the exchange of gaseous halogens 
with inorganic halides, either solid or fused. Two recent papers of interest 
concern the exchange of bromine with the tetrabromides of the Group IV ele- 
ments,*° and with the bromides of some twenty-eight elements distributed 
throughout the Periodic Table.*” It is concluded that relatively rapid ex- 
change occurs if the reversible formation of higher bromides is possible, or if 
specific oxidation-reduction mechanisms are available; for carbon, silicon and 
tin tetrabromides a parallel is drawn between the extent of exchange and the 
bond type. 

Considerable success has attended the use of radiohalogens in studying 
the ageing of precipitates. Aged precipitates undergo less exchange with ions 
present in solution than do freshly-prepared specimens, because in general the 
specific surface is smaller and the lattice more perfect. Studies with 
silver bromide and bromide ion, and with silver iodide and iodide ion, have 
enabled the extent of ageing to be followed similar studies with silver 
bromide and bromine gas, or with silver bromide and bromine dissolved in ethyl 
bromide have shown that this precipitate ages very rapidly even under 
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conditions where it is in contact with a medium in which it is insoluble.*»*? 
A comparison of the rates of exchange of solid silver bromide with silver ions 
and with bromide ions has shown that the two processes proceed by different 
mechanisms. The rate of exchange of silver ion is consistent with a mecha- 
nism controlled by diffusion of the ions into the interior of the lattice,**** 
while the bromide ion exchange is much slower and is markedly reduced by 
adsorption of dyes on the surface of the precipitate,?*** which affects the 
silver ion exchange only very slightly. It is suggested that bromide ion 
exchange proceeds via recrystallization, and that silver ion exchange involves 
diffusion, and possibly also recrystallization. More recent work** supports 
this view, and the results have been used to interpret the lattice structure of 
silver bromide and to account for certain physical measurements. *® 


Exchange Reactions in Organic Systems. 
(a) Organic Halide~Halide Ion Exchange. 

Exchange reactions between organic and inorganic halides in solvents in 
which the latter are ionized provide examples of both the types of reaction 
mechanism discussed above; the exchange may be controlled either by 
heterolytic dissociation of the organic halide or by formation of an association 
complex of the type [RXX*]". These two mechanisms will be recognized as 
Syl and Sy2 reactions respectively.” 

Sy2 reactions have been observed in many cases, e.g. ethyl iodide and 
iodide ion in ethanol,***°bromide ion and n-propyl bromide,” n-butyl bromide, *? 
or isobutyl bromide** in 90% acetone-10% water solution, bromide ion and 
isopropyl bromide, tert.-butyl bromide, or 2,4-dinitrobromobenzene in ethylene 
glycol diacetate solution.** The replacement of halogen by halide ion has 
been used with great success by Hughes and his co-workers in elucidating 
the mechanism of Walden inversion, in which the substitution of a group Y for 
a group X in an optically active carbon compound CR‘R'‘R"’’X is accompanied 
by an inversion of the optical configuration. It was suspected,** although it 
could not be proved by purely chemical evidence, that inversion occurred 
when Y approached the asymmetric carbon atom on the side remote from X, i.e. 


R R’ 
Y+ Oy Vat + X. 
ents / Re 
d Rie R . 


If X and Y represent unlabelled and labelled halogen, exchange should be 
accompanied by racemization, and if the above mechanism is exclusive the 
rates of racemization and exchange should be equal. This was found to be 
so for exchange between 2-n-octyl iodide, 1-phenylethyl bromide, and abromo- 
propionic acid and the corresponding halide ions in dry acetone.***”? From 
these and similar studies it was concluded that bimolecular substitution 
reactions on an asymmetric carbon atom are always accompanied by inversion; 
even when optical activity is not involved, the steric course of the reaction 
will be the same. Ingold has pointed out that energy considerations favour 
such a mechanism,*’ since the first of the two possible transition states 
shown below will have a minimum energy, the CR‘R‘‘R‘’ group having a 
planar configuration. 


X 2 ce 
# Rs i Y 
R 


Refs. p. 1048 


42 APPLICATIONS (CHEMICAL) 1019 


Graded regularities in the trend of exchange rates have been observed as 
the nature of the alkyl group is varied in the exchange between iodide ion and 
alkyl iodides. In ethanol solution the rates decrease in the order methyl> 
ethyl>n-propyl>n-butyl, but rise again for n-amyl iodide, while branched-chain 
iodides exchange at considerably lower rates;** introduction of a second 
iodine atom lowers the rate much more than does the substitution of a methyl 
group. A semi-quantitative treatment of these effects has been given in 
terms of modern views on steric retardation,*’ by considering the effect of the 
groups R’, R”, R’’’ in CR’R"’R‘’X upon the transition state and upon the C-X 
and C-Y bond strengths. The energies of activation of a number of bimole- 
cular exchange reactions have been measured, and usually lie between 18 and 
25 kg.-cal.mole *.****#5*8 Finally, it may be noted that where the inorganic 
halide is incompletely dissociated, more complex results are obtained; this 
has been found for exchange between organic iodides and either zinc or cad- 
mium iodide in acetonitrile, and in this case exchange via ionic complexes 
has been postulated. *® 

The exchange mechanism can sometimes be altered by changing the con- 
ditions, and particularly by changing the solvent. Iodide ion exchanges with 
tert.-butyl iodide in alcohol or acetone solution by a bimolecular reaction;**® 
in liquid sulphur dioxide the rate is about one to two hundred times as fast, 
and is moreover independent of iodide ion concentration.*® The latter ex- 
change is clearly a unimolecular (S,1) reaction, governed by the rate of ionic 
dissociation of the alkyl halide, which will be much greater in liquid sulphur 
dioxide than in the non-ionizing solvents above: the energy of activation, 5-1 
kg.-cal.mole™*, is much lower than for the bimolecular exchanges considered 
above. A_ similarly exclusive unimolecular exchange has been observed 
between chloride ion and tert.-butyl chloride in formic acid solution.*° Con- 
flicting results have been obtained with aryl halides and their substituted 
derivatives; simple Sy2'substitution into the nucleus is not possible, and an 
Syl mechanism based on dissociation of the aryl halide is unlikely.** Iodo- 
benzene, p-hydroxyphenyl iodide, and p-nitrophenyl iodide all exchange by an 
apparently unimolecular mechanism with iodide ion in 2-octanol, the rate being 
independent of iodide ion concentration;**** in acetonitrile, which is a more 
strongly ionizing solvent, a second order exchange was observed for p-nitro- 
phenyl iodide.** Other workers have found first-order exchange between 
iodobenzene or m-nitrophenyl iodide and iodide ion in acetonitrile, and second- 
order exchange for o- or p-nitrophenyl iodide.** Further work is required in 
these cases, since the mechanism is obviously more complex than the ex- 
amples discussed previously. 

Considerable interest arises in the very rapid exchange between halide 
ion and either allyl iodide,*7**’ or allyl bromide,*®” and a completely satis- 
factory explanation is still lacking. In ethanol solution at 61°C. the measured 
bimolecular rate constants are 46 x 10™* l.mole*sec.™ for allyl bromide®’ and 
2-13 x 10°* l.mole"*sec.”* for propyl bromide,**® the energies of activation 
being 15-5 and 18-0 kg.-cal.mole™ respectively. It has been suggested® that 
the greater ease of exchange for allyl halides is due to the possibility of 
resonance between the two extreme structures 


[*". . « «CH,=CH-CH,-I and I*-CH,-CH=CH,- ++ -I’, 


and the lower activation energy for the allyl halide exchange is considered to 
‘reflect hyperconjugation in allyl derivatives.** It is obvious that in this case 
there is a possibility of a bimolecular exchange not involving an Sy2 mecha- 
nism, the incoming and outgoing iodine atoms being bound to different carbon 
atoms; this substitution will be aided by the presence of a double bond in the 
carbon chain, which can facilitate electron-transfer by a resonance mecha- 
nism. It will be seen later that similarly enhanced rates are found for 
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exchange between allyl iodide and molecular iodine. 


(b) Organic Halide-Halogen Exchange. 

Many systems of this type have been studied in the vapour. and liquid 
phases as well as in solution; exchange occurs usually, although not ex- 
clusively, via the formation of halogen atoms, either by thermal or photo- 
chemical dissociation of the halogen. The first studies reported no exchange | 
between iodine and methyl todide at room temperature in alcoholic solution or 
at 100°C. in the absence of a solvent, but exchange was complete in fifteen — 
minutes in alcoholic solution at 100°C.°° 

Among other systems studied are the exchange reactions between iodine 
and di-iodoethylene, allyl iodide, and iodobenzene.°*? Both the thermal and 
photochemically-initiated exchanges with cis- and trans-di-iodoethylene have — 
been investigated, and they have been compared with the iodine atom-initiated — 
isomerization reaction between the cis- and trans-forms, all in saturated ~ 
hydrocarbon solvents.°°°? The exchange and isomerization reactions show 
the same dependence upon iodine concentration and absorbed light intensity, 
indicating the participation of iodine atoms; the exchange reaction is, how- | 
ever, more than one hundred times as fast as isomerization, the respective 
activation energies being 8 and 12 kg.-cal.mole™’, so that exchange must 
occur without appreciable isomerization and by a different mechanism, 

Allyl iodide exchanges more than two hundred times as_ fast as 
di-iodoethylene, and the former has been studied in some detail.°»** The © 
thermal exchange is unique in that in hydrocarbon solvents at room temperature 
most of the exchange appears to involve molecular, and not atomic iodine; 
exchange is very rapid, with an activation energy of 131 kg.-cal.mole™*. The 
authors suggest that exchange occurs by interaction of iodine with the double 
bond, the transition complex C;Hsl, being related to the. unknown glyceryl 
tri-iodide for which there are two possible structures... The photochemical 
exchange is a complex chain process, in which the presence of oxygen leads 
to chain-termination by a slower, simultaneous oxidation mechanism. The 
data have been fitted to a complex. rate expression which indicates that at 
25°C. the rates of exchange of iodine atoms with iodine. molecules, allyl 
iodide, and di-iodoethylene are in the ratios 32,000: 2,000: 1. It is suggested 
that the approaching iodine atom attacks the end of the molecule remote from 
the outgoing todine atom, but there is no concrete evidence for this. .In the 
related exchange between allyl bromide and bromine atoms, exchange is © 
accompanied by isomerization to givea mixture of the three bromopropenes. 0 
All three undergo isomerization on exchange, and the proportions of the final 
products appear to be independent of the starting material, e.g. a 1% solution i 
in bromobenzene in presence of air gives 22% 1-bromo; 3% 2-bromo-, and 75% — 
3-bromopropene... These effects have been explained in terms of proton and ~ 
electron transfer in the intermediate radical.C,H,Br, formed by addition, of a 
bromine atom to the original compound. 

Exchange reactions between iodine and organic iodides have been reviewed 
by Noyes and Sibbett,°’ who distinguish two types, both initiated by iodine ~ 
atoms. Direct substitution, -Viz. RI +‘I* —> Ri* +1, followed by other tes 
actions of atomic and molecular iodine, is considered to take place with 
olefinic, allylic. and aryl iodides, phere the. electrons: of the unsaturated 
system are available to the approaching iodine atom. The alternative mecha- 
nism involves formation of a free radical by the step RI + I1* — R: +TII*, 
followed by Re + II* —> RI* +I and other reactions; this is considered likely q 
for the slow reactions involving alkyl iodides, ake may occur to some extent 
with allyl iodide also. The evidence available on benzyl iodide suggests 
that this behaves as a typically aliphatic iodide, the aromatic nature being 
completely screened by the side-chain; this system is kinetically more 
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complex, however, since at 80°C. the degree of dissociation of benzyl iodide 
is» comparable with that of iodine, so that chains may be initiated either by 
iodine atoms or by benzyl radicals. 

Exchange between bromine and carbon tetrabromide has been studied in 

the gas phase (170- 200°C.) and'in the liquid phase (107- 160°C.);® in both 
cases the same mechanism appears to hold for molar ratios of reactants 
between 0:1 and 10-0... fhe homogeneous reaction has a tate given by the 
expression R = k[CBr,][Br,]°°, indicating a rate-controlling reaction between 
bromine atoms and carbon tetrabromide molecules. Using values of bromine 
atom. concentration. calculated from the bromine dissociation equilibrium, 
activation energies of 3 kg.-cal.mole™* for the liquid phase and zero for the 
gas phase were calculated, but these figures are not very significant; steric 
factors of 10°*- 10°* were calculated by comparison with collision theory. 

The exchange between bromine and bromotrichloromethane has been 
studied independently by two groups of workers,’””* in the vapour phase (150 = 
220°C.) and in the liquid phase (100=170°C.); earlier work had indicated a 
photochemical exchange in carbon tetrachloride solution at 76°C.”* The rate 
is proportional to the product [CC1,Brl[Br]”%, the activation energy for the 
initiating reaction CCi,Br + Br* -> CCI,Br* + Br being estimated” as 7 and” 
10:3 kg.-cal.mole™*, The observed rates do not enable a distinction to be 
made) between the two types of mechanism described by Noyes and Sibbett 
(loc. cit.), viz. 


Br* + CCI,Br — Br*CCl, + Br, 
and Br* + CCl1,Br — Br*Br + CCl, 
CCl,» + Br*Br — CC1,Br* + Br’. 


Data on the photobromination of chloroform” suggest that the reactions CCl,: 
+ HBr — CHCl, + Br and CCl,» + Br, — CCl,Br + Br are similar in rate, and 
it was found” that in a mixture of hydrogen bromide, bromine, and bromotri- 
chloromethane, chloroform was formed at a rate comparable to the exchange 
rate at the same temperature; this was taken to indicate the second mecha- 
nism, involving CCl,+ radicals. hve 


(c) Exchange with Aluminium Halides and other Metal Halides. 

The use of aluminium halides in the Friedel-Crafts synthesis is well- 
known, and many other metallic bromides are used as catalysts in organic 
bromination reactions. Exchange studies have been carried out in an attempt 
to elucidate the mechanism of such reactions, and a variety of results has 
been obtained, as set out in the appended tables. In the Friedel-Crafts 
reaction, viz:- 


ArH + RX + AIX, —~ Ar.R + HX + AIX, 


where Ar is an aryl radical, R another radical, and X may be either Br or Cl, 
one possible mechanism involves the formation of the carbonium ion Rt 


RX + AIX; = R*+ ALIX, 
ArH + R* + Ar.R + Ht 
Ht + AIX, = HX + ALX;. 


On the basis of such a mechanism, AlX, could exchange with RX and with HX. 
It was in fact found that acetyl chloride exchanges readily with aluminium 
chloride, and that the hydrogen chloride produced in the formation of aceto- 
phenone from benzene and acetyl chloride in presence of labelled aluminium 
chloride is itself active;”* these experiments are, however, not conclusive 
regarding the mechanism of exchange. Recent work on the exchange between 
carbon tetrachloride and aluminium chloride has given an insight into the 
nature. of the reaction;”* it can be shown that the endothermicity of the 


Refs. p. 1048 


1022 RADIOCHEMISTRY 42 


carbonium ion mechanism is too great for it to be likely in this case. Never- 
theless, solid aluminium chloride exchanges rapidly with either liquid carbon 
tetrachloride or its vapour, both at 25°C. and at the melting-point of the 
organic liquid; rapid exchange with liquid chloroform is also observed. The 
mixed vapours do not exchange, and the rate exchange involving solid alu- 
minium chloride is strongly dependent upon the nature of the surface of the 
latter, partly hydrolyzed material exchanging much less rapidly than a fresh 
surface which has not been exposed to moisture. The rapid exchange is in- 
complete except at high temperatures, and the degree of exchange is dependent 
upon the ratio of the reactant concentrations. These facts suggest the ex- 
change to be a surface reaction, the adsorption of carbon tetrachloride on the 
surface of the aluminium chloride being followed by exchange during desorp- 
tion. The effects of surface and concentration ratio are then apparent, while 
the incomplete exchange at ordinary temperatures is presumably due to a slow 
redistribution of the activity initially located on the surface after exchange; 
this mechanism would also explain the rapid exchange at low temperatures. 
The authors suggest that a similar mechanism may operate in the Friedel- 
Crafts reaction when the catalyst is insoluble, but that where the latter is 
soluble a mechanism based on soluble molecular or ionic complexes is likely. 

The exchange between aluminium and hydrogen halides has led to con- 
flicting results. Earlier work with aluminium chloride and gaseous hydrogen 
chloride reported negligible exchange at room temperature, but complete ex- 
change in 76 hours at 213°C.; this was cited as evidence against the forma- 
tion of the complex HAICI,, and this view appears to be supported by other 
physical evidence.’® More recent work carried out in some detail suggests 
that complete exchange may be obtained in this system in five minutes at 
room temperature, and that even at -80°C. exchange is appreciable.””? The 
mechanism appears to be similar to that involving carbon tetrachloride, the 
rate varying with the reactant ratio and with the specific surface of the solid, 
but with hydrogen chloride the rate is the same for both commercial and 
freshly-synthesized aluminium chloride. Exchange was very rapid at 100°C., 
fresh surfaces being continually exposed by sublimation. The discrepancy 
between these results and the earlier observations is probably due to the 
great sensitivity of surface reactions to external conditions. 

Alkyl halides exchange readily with labelled aluminium halides,’””? and 
the reaction has been suggested as a good means of preparing labelled alkyl 
halides.”” It has been shown that for methyl bromide there is a correlation 
between the extent of exchange and the catalytic activity of the inorganic 
bromide,*° e.g. in the series aluminium, barium and potassium bromides, the 
exchange activation energies are respectively 4-6 and 12 kg.-cal.mole™*, and 
very high (potassium bromide showing no detectable exchange), while the 
catalytic effect on reactions of methyl bromide decreases in the above order 
(potassium bromide being inactive catalytically). Comparative measurements 
of heats of adsorption of methyl bromide on barium bromide suggest that the 
rate-determining step in the exchange involves adsorbed methyl bromide and 
crystals of barium bromide. In general, aluminium halides are considerably 
more reactive than other inorganic halides in exchange with aryl halides also.™ 


B. THE EQUIVALENCE OF ATOMS IN A MOLECULE 


Two methods are possible for testing the equivalence of the atoms X 
within a molecule AX,. The molecule may be synthesized from a compound 
AXp-m and then decomposed again, e.g. 

heat 


PBr,(1) + Br,*(1) —> PBr,* —~> PBr,*(1) + Br,(g); 


if the activity originally present inmolecular bromine is not randomly distributed 
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among all the bromine atoms at the end of the experiment, then the five bromine 
atoms in phosphorus pentabromide are not equivalent. Unfortunately, a ran- 
dom distribution is not an unequivocal proof of equivalence, since there may 
have been induced exchange -during synthesis, after synthesis, or during 
separation. In all cases so far investigated, o:8 the polyhalides of gold, 
copper and phosphorus,**** and the ion HgI,",** the interpretation is open to 
doubt for these reasons. Exchange during synthesis and exchange between 
halogen and higher halide have been shown to be small for the polyhalides of 
gold and copper, but the possibility of exchange during decomposition has not 
been eliminated. 

The second method involves the measurement of exchange rate and 
equilibrium between the species AX, and X*; if all the X atoms in AX, are 
identical, the exchange rate will be constant and the final equilibrium will 
correspond to a random distribution of activity. If, however, the observed 
rate is either negligible or immeasurably fast, no ebaclusioas can be drawn, 
since, obviously, it is not possible to differentidce between two or more rates 
which are all either too great or too small to be measured; in addition, there 
is again the possibility of separation-induced exchange. Consequently, the 
complete and rapid exchange between labelled bromide ion and the ion PtBr,~* 
in aqueous solution does not unambiguously indicate equivalence of the 
bromine atoms,*° and here recourse must be had to the more laborious methods 
of structure determination. Until recently only one unequivocal example of 
this type existed, showing the non-equivalence of the iodine atoms in diphenyl- 
iodonium iodide, ite gilx)olss.00 exchanging with labelled iodide ion in hot 50% 
alcohol. only one of the two is replaced, the activity at equilibrium being 
equally divided between the two species.*’ No exchange is observed between 
the two iodine atoms in (C,H;),I.I* even under conditions leading to ap- 
preciable deomposition. These results are in accord with the accepted 
structure [(C,H;),I|*I". A second example is described briefly in a recent 
note.*® Chlorine and phosphorus pentachloride exchange in carbon tetra- 
chloride with a composite rate; the initial exchange is immeasurably fast, 
and is followed by a normal homogeneous first-order rate. The results accord 
with the assumption that the rapid exchange involves three chlorine atoms, 
with a slower, measurable exchange with the other two. By analogy with 
structural data, which show the five atoms to be non-equivalent, it is sug- 
gested that these two exchange rates refer to the three equatorial and the two 
apical chlorine atoms respectively. 


C. THE SELF-DIFFUSION OF IONS IN SOLUTION 


The self-diffusion of an ion in solution can only be measured by tracér 
techniques, since there is no detectable physical or chemical change; such 
measurements are of value in the interpretation of solution theory. Three 
methods are in general use, of which the capillary tube technique is that most 
generally applicable.” The tracer is contained in a short capillary tube of 
uniform bore, closed at one end and mounted vertically below the surface of 
the inactive Solution, which is well stirred and maintained at constant tempera- 
to minimize convection effects; the mean activity within the capillary is 
measured as a function of time and the diffusion coefficient D measured. By 
this means the self-diffusion of chloride ion in calcium chloride solution,’ 
and of iodide ion in a series of aqueous iodide solutions’? has been mea- 
sured. In solutions of hydrogen, lithium, sodium, potassium and rubidium 
iodides it was shown that the values of D for iodide ion depend not only upon 
the viscosity of the solution but also a a parameter related to the size of 
the cation;” plots of Dn/No versus C”% where C is the solute concentration 
and ache specific viscosity of the eNuGtdnqeee straight lines of increasing 
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negative slope in the order Lit, Ht <Nat, K* < Rbt, By applying a treat- 
ment based upon the Debye-Htickel theory» and introducing the ‘distance of | 
closest approach’ of ions, the points for all the cations could be fitted quite: 
well to one curve. The physical significance of the treatment is that the size 
of the hydrated cation affects the charge distribution in the ionic atmosphere 
of the iodide ion, and hence the potential of the latter; the effect of cation 
radius then follows if the diffusion coefficient is dependent both on the 
potential of the diffusing 1on and on the viscosity of the solution. 2 
The self-diffusion of anions in ion-exchange resins has also been:mea= — 
sured, using labelled chloride, bromide, iodide and bromate ions on Dowex+2 
(a strong base-exchanger), and labelled bromide ion on Dowex-50° (a-cation — 
exchanger).°»?* In the former case, values of D were of the order 1=5 x 107 — 
cm?sec:* at 25°C., with activation energies of 6-9 kg.-cal.mole™* between 0° 
and 25°C. Values were not so dependent om ionic: charge and degree of: 
cross-linking as for cations on cation-exchangers, and suggested that the size’ 
of the exchange group largely determines permeation rates. On Dowex-50, 
bromide ion diffuses more slowly than water molecules, but more rapidly than 
univalent cations. s) : ) 
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D. APPLICATION OF RADIORALOGENS TO KINETIC STUDIES 


Much information has been obtained about the mechanism of chemical — 
reactions by introducing labelled species, and also from exch ange studies 3 
themselves; thus the exchange between iodine and iodate ion in aqueous — 
solution has led to a better knowledge of the reaction between iodide and 
iodate ions in acid solution.*® This has been shown to be a sixth-order 
reaction, and the results of earlier workers leading to the assumption of 
fourth- and fifth-order reactions” have been attributed to failure to maintain 
constant ionic strength and to neglect of the weakness of iodic acid in the 
treatment of the results. It has already been mentioned that tracer studies 
show that the iodine atom-catalyzed isomerization of di-iodoethylene proceeds. 
by a mechanism different from that of the exchange reaction;© from the results 
on the exchange in hexane solution, approximate figures have been derived 
for the rate of exchange between eeaigic atoms and iodine molecules in hexane 
solution, and also for the primary quantum yield of photodissociation of 
iodine.®* The latter was obtained from measurements of chain life, using a 
rotating sector technique, and is approximately 0-4-0. 6 at 578-536 mp. The 
deviation from unity is considered to be due partly to primary recombination of 
the atoms within the solvent ‘cage’, and also to secondary recombination of 
the original atoms in a time short compared with that in which they can diffuse — 
and encounter atoms from different molecules. These values are of course © 
dependent upon the mechanism assumed for the exchange, but are in good © 
agreement with independent values derived from spectrophotometric determina- — 
tions of the rate of recombination of iodine atoms produced by flash photolysis 
in heptane and carbon tetrachloride solutions. 

Tracer iodine has been used in a variety of kinetic studies. Using © 
labelled iodine-substituted free radicals derived from the dissociation of the © 
hexa-substituted ethanes, e.g. I-C,H,.CR,.CR,.C,H,I == 2 I.C 6Hl,.CR,., it has 
been shown that when vinyl compounds are polgnecrzed by the action of these 
radicals the radical itselfis incorporated into the polymer, the latter exhibiting 
activity characteristic of the iodine tracer.°* Considerable use has been 
made of radioactive iodine in recent years in trapping free alkyl radicals. 
Early studies of the decomposition of alkyl iodides showed that free radicals 
may be converted into stable products by reaction with molecular iodine, vizir 


Re +I, — RI+1. 


By using labelled iodine in such an exchange and adding afterwards a mixture 
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of carrier alkyl iodides which may be separated by fractional distillation, each 
will carry with it the corresponding labelled iodide if formed. The presence 
of activity in a given fraction is, therefore, a strong indication of the presence 
of the appropriate radical in the initial products, and a quantitative estimate 
may also be made if the efficiency of the recovery procedure is known. In 
this way the traces of liquid products formed from photolysis or radiolysis of 
liquid alkyl iodides may be identified; e.g. cyclohexy] iodide has been found 
when methyl iodide is photolyzed in cyclohexane solution.*’ The radiolysis 
of alkyl iodides and of alkanes in both the liquid and gaseous states has been 
studied by this means, and the distribution of activity between the alkyl 
iodide fractions found.** Bonds between carbon and iodine were more readily 
broken than those between carbon and hydrogen, as would be expected; the 
relative yield of methyl iodide decreases with increasing chain-length. More 
recent work has detected traces of ethyl iodide and methylene di-iodide in the 
products from the decomposition of liquid methyl iodide by either ultra-violet 
light or X-radiation.°°*** The exchange induced by electron radiation between 
iodine and both methyl and ethyl iodides has been followed by measuring the 
decrease in iodine activity, without attempting to identify the products;*°° in 
this case a similar exchange was found when mixtures of bromobenzene and 
labelled bromine were irradiated with fast electrons. 

A somewhat different application is found in the field of ketone photolysis, 
where labelled iodine has been used to remove the radicals formed in the 
primary act, and so to enable the primary quantum yield to be calculated.’ 
The primary process comprises two individual steps, both for acetone and for 
methyl ethyl ketone; complications arise in the former case because iodine 
exerts a specific deactivating effect on one of the excited molecules involved, 
the primary quantum yield being dependent on the iodine pressure. 

With the aid. of tracer bromine it has been shown that bromine atoms 
replace» hydrogen atoms in naphthalene seven times more rapidly than in 
benzene,*°® and that in the formation of ethyl bromide from. ethylene and 
hydrogen bromide, polymerization of ethylene is an important side-reaction;* 
the forward and reverse reactions in the equilibrium C,H, + HBr = .C,H,Br 
have also been studied.’ 

Labelled chlorine has been used extensively. Investigations of the con- 
version of camphene hydrochloride to isobornyl chloride in the presence of 
labelled deuterium chloride showed that ionization of the hydrochloride is 
rapid, the rate-determining step being a bimolecular reaction between the 
positive ion so formed and a molecule of hydrogen chloride. If the latter 
reaction is assumed to be accompanied by inversion, the stereochemistry of 
the reaction may be explained and the configuration of the product deter- 
mined,*®* In the inorganic field a comprehensive investigation has been made 
of reactions involving different oxidation states of chlorine in aqueous solu- 
tion, viz:-7""5 


Cl, +2HCIO, — 2C10, 4 2CI* + 2H* 
’ HC1O + 2C10,- = 2c10, + Cl” + OH" 
HC1O + ClO," > ClO, erst 
Mel aC Ogee Che 7 2Cl0,+2H,O 
SHCIO, > 4ClO,+ Cl + Ht + 2H 0 (cash ced by Cl”) 


In all these cases, virtually all the chlorine dioxide or chlorate produced ° 
atises from chlorous acid or chlorite; only about 5% of the activity initially 
present as chlorine, hypochiorous acid, or chloride appears finally as chlorine 
dioxide or chlorate, and even this may be traced to side-reactions. This 
appeats to indicate that the reactions involve an unsymmetrical intermediate, 
ere: | | 

Cl,* + ClO, — Cl*.clO, + Cl*° 
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or H* + HOGI*.44.G10.5 s+ \Gl* .GlOy 2140; 
followed by ZClF ClO s en Clatce 2G10, 
or Cl*, ClO p HH,O +21 GG +:ClO452Hes 


and similarly in the other cases. A similar result has been obtained in the 
reaction ) 


2H, ti2loh1O, 5 bap HdOgT +H eOy 


labelled iodide being converted to labelled iodine, the iodate fraction being 
inactive.*™* 

Although strictly outside the kinetic field, reference should be made to the 
use of labelled iodine in determining the solubility of solid p-chloroiodo- 
benzene in compressed ethylene gas between 13° and 31-5°C. and at pressures 
up to 100 atm., since this technique makes possible a new range of physical 
measurements.*°’? The solute was synthesized with ***I incorporated into the 
molecule, and a weighed amount placed at the bottom of a duralumin bomb 
maintained at the required temperature and pressure. The gas phase was 
stirred with a magnetically-operated spiral stirrer and its activity measured 
by means of a Geiger counter mounted outside the bomb and shielded from 
direct radiation from the solid; by this means the volume concentration of the 
solid in the gas phase could be measured to + 2+4%. 


TABLES OF HOMOGENEOUS AND HETEROGENEOUS 
ISOTOPIC EXCHANGE REACTIONS 


Compiled by O.E. Myers and R.J. Prestwood, and reproduced, by per- 
mission, from Wahl and Bonner: Radioactivity Applied to Chemistry (pub- 
lished by John Wiley and Sons, Inc., 1951. 

Notes: The following abbreviations are employed: (g) gas phase, (1) 
liquid phase, (s) solid phase, (aq) aqueous phase, f gram formula weight per 
litre, meas measurable, Rm room temperatute, ext extracted, mmole millimole, 
a.l. atomic or molecular layers. Seconds, minutes, hours, days andnyears are 
indicated respectively by s, m, h, d, y. 

Italicized half-times are believed to be reliable for one of the following — 
reasons:- 


(1) Measurable exchange rates were obtained that obeyed the 
exponential exchange law. 

(2) Immeasurably small exchange rates were obtained from 
experiments in which first one then the other reactant was 
tagged or in which good recovery of the radioactivity and 
reactants was reported. 

(3) Immeasurably large exchange rates were obtained from 
experiments in which the reactants were separated by a 
method believed to cause no sepatation-induced exchange. 
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SECTION XLIII 


USES OF THE RADIOHALOGENS OTHER 
THAN IN CHEMICAL STUDIES 


By W. J. ARRCL 


Much work has been recorded on the use of radiohalogens in industrial 
research and in the fields of biochemistry and physiology and in diagnostic and 
therapeutic medicine. Early research with these nuclides was very uneven in 
quality, possibly because useful activities of radiohalogens of reasonable 
half-life were available before methods for their employment had been suffi- 
ciently systematized. This being so, a comprehensive survey would include 
much of doubtful value and it is preferable to select a few examples which 
serve to illustrate the utilization of the properties of the radiohalogens, dealing 
with these in order of ascending atomic weight. 


BIOCHEMICAL AND PHYSIOLOGICAL APPLICATIONS OF RADIOHALOGENS 


Fluorine-18 (see page 1004), the only fluorine isotope having a useful 
half-life, has been little applied in biochemical research. Injected intra- 
venously as fluoride ion, it has been used to study the rate of its appearance 
in the saliva of cats under various conditions:* **F has also been used to 
study the distribution of radiofluoride in teeth and bone in cats and rats.’ 

Chlorine is of importance in both plants and animals, but because of the 
short half-life of **Cl and the long life and consequent low available specific 
activity of *°Cl less has been done with it than with bromine and iodine in the 
field of biology. Most of the recorded studies concern the transport of chlor- 
ide ion in various mammalian tissues. 

Manery and Haege studied the penetration of interperitoneally and intra- 
venously injected radiochloride solution into various tissues in rats and 
rabbits respectviely,* using **Cl (see page 1005) as a solution of lithium chlo- 
ride. The **Cl” ion exchanged completely with the chloride in kidney, liver, 
muscles, cartilage and tendon in a few minutes after injection; the exchange 
was, however, far from complete in the testes even after one hour, and only a 
trace of radiochloride was found in brain tissue. Born and Timoféeff-Res- 
sovsky* exposed mice to gaseous elementary chlorine labelled with **Cl: 
some were killed at once and others 5 and 8 minutes later. The results 
showed that if an animal was killed immediately after exposure, 79% of the 
total activity present was in the lungs, 9% in the kidneys and less in the liver 
and brain. At five minutes after exposure the lungs contained only 60% and 
the kidneys 24%, while at eight minutes the lung content had fallen to 45% 
and that of the kidneys had risen to 43%. The rise of activity in liver and 
brain was slow. From these and other accounts”? it seems that chloride ion 
exchanges in a very few minutes between blood and many other tissues in 
living mammals, but that penetration into certain organs such as the brain is 
relatively, very slow. In another similar experiment the time taken for the 
radiochloride concentration in the aqueous humour of the eye to reach half 
that of the blood plasma in a rabbit was found to be about 40 minutes.° 

The penetration of chloride ion has also been studied in some isolated 
tissues with the aid of radioactive chlorine, for example with the red blood 


1051 Refs. p. 1062 


1052 RADIOCHEMISTRY 43 


cells of the rabbit,’ using **Cl as normal saline solution, prepared by a Szilard- 
Chalmers process on carbon tetrachloride as target material. Penetration of 
the erythrocytes was expected to be rapid, so normal saline solution labelled 
with **Cl was added at O°C. to rabbit blood and the mixture shaken for only 
one minute and the blood then centrifuged. The active corpuscles were then 
mixed with inactive plasma and the active plasma with inactive corpuscles in 
order to prepare physically comparable sources for counting the “Cl. One 
gram of the corpuscles in the rabbit blood was found to contain about half as 
much. Clas 1) gs. of plasma, but as the ordinary chloride content of 1 g. of 
corpuscle of the rabbit is about 0-53 times that of 1 g. of plasma, the equili- 
bration of radiochloride between plasma and corpuscles had reached comple- 
tion at O°C, in one minute plus the time taken in centrifuging the blood. The 
rate of penetration of corpuscles by chloride ion was, therefore, too fast to 
measure and was more than a hundred times as fast as that of phosphate ion 
labelled with **P. 

The behaviour of ions in the tissues of living mammals is more complicaaam 
than considerations of overall transport through a membrane would suggest. 
Visscher et al,*° point out that a membrane such as the intestine is a structure 
across which materials normally move in both directions and that studies of 
net transport give no information about the total rate of movement in either 
direction. They point out that only by the use of isotopically abnormal mate- 
rials, whether radioactive or stable, can these absolute rates of movement be 
measured, In a long and careful study, these authors were able to make 
simultaneous measurements of the movement of water and of sodium or chloride 
ions. between the intestines and the blood in dogs, by labelling the water with 
deuterium and the other ions with “Na and **Cl respectively. It was found, 
inter alia, that total directional rates and net transport rates predicted on the 
assumption that movement is due to diffusion differed from the experimentally 
determined values by as much as 200-fold. Normal osmosis could not cause 
the observed net movement of water between ileum and blood, nor could con- 
centration gradients be the major cause of the observed chloride and sodium 
ion movements between the normal gut and the blood. The findings indicated 


a forced flow of fluid across the intestinal epithelium in both directions. 


simultaneously, differences in the solute content of the water in the two 
streams and the relative rates of the streams determining the direction and 
magnitude of the net transport. 

Ussing** studied the passage in both directions of sodium and chloride ion 
through isolated frog skin as a function of several different factors and ob- 
served the increase in the skin permeability in both directions in the presence 
of adrenaline and also the blocking effect of cyanide ion. 

Bromine is not usually considered as taking part in mammalian metabolism. 
Up to about 1940 it was assumed that, in the body, administered chloride ion 
is rapidly distributed almost entirely throughout the extracellular phase. In 
experiments on the administration of large doses of inactive bromide to dogs 
and cats,'? concentration ratios of chlorides in blood serum and in various 
tissues were compared with those for bromide in serum and in the same tissues 
and it was concluded that bromide was distributed similarly to chloride in all 
tissues except the brain. It was considered unlikely that any tissue was 
capable of concentrating bromine selectively, but in these experiments the 
thyroid glands were not examined. 

Iodine is known to be‘selectively concentrated in thyroid tissue with 
remarkable efficiency and Perlman, Morton and Chaikoff, using radioactive 
bromine, re-examined the question whether bromine might concentrate in thyroid 
tissue.’*® Active bromine, "*Br, prepared by the Szilard-Chalmers process on 
bromobenzene, was administered as very dilute aqueous solution, The authors 
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estimated that one millicurie was contained in 10°* g. of bromine: certainly 
the chemical dose of bromine containing 50 microcuries of **3r given to each 
animal was insufficient to disturb its metabolic processes in any way. The 
radiobromine solution was injected interperitoneally into rats and guinea pigs, 
and at intervals they were anaesthetized and killed. The radiobromine in 
various tissues was determined by adding carrier bromine as bromide and wet 
ashing with nitric acid after mashing the tissues with silver nitrate. The 
silver halides were filtered, mounted and their radioactivity determined. It 
was found that whereas in many tissues there was no evidence of concentra- 
tion, thyroid tissue was able to take up bromine from serum, this effect being 
more marked in animals with hypertrophied thyroid glands produced by the 
administration of thyrotropic hormone. The whole effect was much less than 
with iodine, but it was definite and too large to be explained by simple dif- 
fusion of bromide ion from serum to thyroid tissue. 


TRACING OF COMPOUNDS BY SUBSTITUTION OF RADIOACTIVE HALOGEN 


Colloidal dyes, circulating in the blood, are known to concentrate in areas 
of increased permeability of the capillaries. It appeared possible that if 
such dyes were labelled with a yactive nuclide such as “Br, they could be 
detected, say, in an area of inflammation and perhaps in tumours. This pos- 
sibility was investigated with bromo-Evans blue***” in dogs, rabbits and in 
tumour-bearing mice, though without significant results. 

Before sex hormones labelled with carbon 14 had been synthesized, several 
efforts were made to label oestrogenically active materials with **Br for the 
study of the metabolism of the hormone. One such attempt involved the 
direct bromination of equilin to produce dibromo-oestrone:**® the yield of di- 
bromo-oestrone being 83%. It appeared in several animals that the mode of 
excretion was via the bile duct into the intestine and thence into the portal 
circulation and to the urine. Here, however, bromination had made a marked 
difference to the biological behaviour of oestrone, as dibromo-oestrone appeared 
to be but weakly oestrogenic, if indeed it was oestrogenic at all. 

A synthetic hormone, 1, 1-dimethyl-2-ethyl-2(6-methoxynaphthy!) propionic 
acid,’ can be brominated directly in carbon tetrachloride solution.’® ‘The 
bromine is substituted in the naphthalene nucleus and cannot be removed by 
exchange with bromide. Here again, bromine reduces the oestrogenic pro- 
perties of the hormone and whereas the original oestrogen is physiologically 
- active in the rat at a dose level of 1-5-2 pg., the bromo-compound is active 
only at between 10 and 20 pg. In an earlier study, triphenylethylene, which 
is oestrogenic at the level of 10 g. in mice, was brominated and injected in 
olive oil solution into mice, the distribution with time being studied in male 
and female mice. In females, high concentrations appeared in ovaries, uterus 
and mammeze, but in the males the oestrogen concentrated only in the preputial 
glands.”° 

In all the foregoing experiments, bromine was substituted for hydrogen to 
produce a labelled compound. It is therefore not surprising that the brominated 
compound should have biological properties rather different from those of the 
original material. When a compound is made radioactive by substituting 
‘bromine for chlorine, however, much less alteration of its biological properties 
might be expected. In considering a possible label for the insecticide DDT, 

1: 1:1-trichloro-2: 2-di(4-chlorophenyl)ethane (I), it was found that a bromine 
analogue (II) could readily be synthesized with **Br and had properties ap- 
parently identical with those of ordinary DDT except that the bromine analogue 
was slightly less toxic. Using this, preliminary studies were made on adult 
cockroaches and the larvae of other insects to trace the insecticide after 
application.” ‘Winteringham et al,**** also using the bromine analogue of 
DDT, carried out an extensive investigation not only into the transport of the 
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activity inside insects, but also upon the compounds into which it is meta- 
bolized by insects and mammals and, further, upon the fate of DDT used to 
spray grain which would ultimately be eaten by animals and human beings. 

The **Br was prepared by a Szilard=Chalmers reaction on bromobenzene in 
a pile irradiation and recovered as bromide, the enrichment factor being about 
10. Synthesis of the DDT analogue was then carried out by the steps:- 


Bre” > AgBr* -> Bry -> C,H,Bt* > (BrC.H,),CHCCI.. 1p 


To separate, identify and measure the radioactive insecticide and its possible 
metabolites, a method of reversed-phase filter paper chromatography was 
developed and was made quantitative by cutting the strips of paper after the 
chromatogram was prepared and counting them, with a standard geometry, to 


find the position and amount of **Br in the various spots. DDT is knownto 


; ‘\ 
© 


lose hydrogen halide easily to give the corresponding ethylenic compound and — 


in mammals to form a water soluble metabolite, [(CIC,H,),CH.COO]? The two 
compounds which might be metabolites of the bromine analogue of DDT would 
be (BrC,H,),CCl, (III), an ethylenic compound relatively non-toxic to insects, 
and [(BrC,H,),CH.COO]" (IV). When the chromatographic separation of mixtures 
of compounds (II), (III) and (IV) was carried out on the micromole scale, no 
exchange of bromine atoms was found to occur between these compounds 
during the analytical process. It was then shown that DDT-resistant house- 


flies could convert some compound (II) into compound (III) but not into com-— 


pound (IV): mammals, on the other hand, metabolized a considerable propor- 
tion of (II) to (IV). 

Iodine enters into animal metabolism and is a constituent of the hormone 
secreted by the thyroid gland. The availability of ***I (see page 1007), of 
half life 8-0 days and emitting radiations which are quite easily measured, has 
facilitated much research on thyroid metabolism. Iodine 131 has also been 
used, like **Br, for labelling biological material by substitution.7* As in the 
case of **Br labelling, this is not ideal, but it seems often to be justified if 
the iodine label is chemically stable and does not cause much change in the 
biological behaviour of the material. 

Insulin was labelled with iodine 131 to see whether the rate of removal of 
the material from the site of injection could be correlated with drop in blood 
sugar in an animal.*® Insulin p-iodoazobenzene was prepared by making 
radioactive p-iodoaniline by the reaction:- 


1317 4 C,H,NH, + NaHCO, —> ™I.C,H,NH, + Na™I +H,O + CO, 


afterwards diazotizing the p-iodoaniline and coupling the product with insulin. 


It was found in rabbits that blood sugar concentration varied inversely as the 


rate of absorption of the labelled insulin. With rats, it was found an hour 


after injection that the circulating blood contained a considerable fraction of — 


the radioactivity and relatively large quantities were found in liver and kid- 
neys. The deposition of activity in the latter sites might have been due to the 
splitting of the label from the insulin and does not by itself afford proof that 
insulin is deposited there intact. Similar work with insulin preparations, 
globin insulin and protamine zinc insulin, showed by direct observation of — 
activity at the site of injection that the rates of absorption were in the orn 
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insulin, globin insulin (with zinc), protamine zinc insulin; and that the inten- 

sities of hypoglycaemic action could be correlated with these absorption rates. 
It is possible to label proteins by substitution of halogens for hydrogen, 

almost certainly in the 3:5 positions X in the tyrosine residue of the protein. 


OH 
ne P 
\ 
CH, 
-HN- one CcO- 


Wormall?’ found that ‘protein material could be halogenated and although its 
immunochemical properties were modified there was no reason to suspect 
extensive chemical decomposition. Fine and Seligman** wished to label 
plasma protein in dogs for the study of the apparent loss of plasma in trau- 
matic shock. They had produced plasma protein labelled with **S biosyn- 
thetically by the administration of *°S-labelled cystine and subsequent extrac- 
tion of the biosynthesized “S-labelled plasma protein. This *S-labelled 
material would be chemically completely identical with normal protein. It 
was desirable to have a quicker and more convenient method of labelling the 
plasma protein and **Br was used. The rate of loss from the circulation of 
dogs of **Br-labelled plasma protein was compared with that of *®S-labelled 
material, the latter being taken as normal. It was found that if the bromine 
content was not more than 0-04% of the protein brominated, the behaviour of 
the two labelled proteins was nearly identical. At higher levels of bromina- 
tion, there was a progressively increased rate of loss of the brominated protein 
from plasma relative to the chemically and biologically normal **S-labelled 
material. Later, the same authors found it more convenient to use ol) as 
label, because its decay scheme was suitable and, as higher specific activity 
a was easily available, the proportion of halogen to protein was much 
lower.*® This, too, proved to be a highly satisfactory labelled material for 
the purposes of the investigation in hand. 

The labelling of antisera by substitution with **I has been carried out 
successfully.*° The globulin molecule of an antiserum was iodinated and the 
mean number of iodine atoms per globulin molecule determined. Providing not 
more than 10 atoms of iodine per globulin molecule were introduced, there 
appeared to be no impairment of agglutinating power. Above that figure, as 
in the case already mentioned, modification of biochemical properties in- 
creased with increasing halogenation. 


SYNTHETIC PLANT GROWTH REGULATORS 


Several relatively simple chemical substances have the property of modi- 
fying the rate of growth of certain plants very markedly when applied to the 
leaves in low concentrations. One of these is 2+iodo-3-nitrobenzoic acid 
(INBA) and this has been synthesized in two ways in order to incorporate **] 
as a tracer.*°4*? In the first method, mercury in anhydro-2-hydroximercuri-3- 
nitrobenzoic acid was replaced by *I-labelled iodine; in the second, 3- 
nitroanthranilic acid was diazotized and the product treated with radioiodine. 
In preliminary experiments, INBA was applied to a leaf in bean and barley 
seedlings, and while barley seedlings were practically unaffected, the growth 
of bean seedlings was impaired in proportion to the dose. As this phenomenon 
might have been due to uptake in the bean seedling and not in the barley 
seedling, the point was tested quantitatively by applying INBA to seedlings of 
bean, oat and maize and measuring the concentrations of activity in various 
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parts of the plants after 8 days. It was found that pure INBA can be recovered 
from the stem and bud tissues of bean plants treated with INBA, and it is 
inferred that INBA is absorbed and translocated intact and that it may exert 
its effect as an intact molecule rather than as a degradation product. It was 
found that the concentration of INBA in the most rapidly developing parts of 
both bean and oat seedlings increased with the amount of INBA applied to the 
plants, but whereas growth was affected in bean seedlings, in oat and maize 
seedlings it was not. It was concluded that the differences in response 
could not be explained by differences in the amount of INS3A absorbed and 
translocated but that the mode of action must be quite different in the two 
types of plant. 

The plant growth regulating substance 2,4-dichlorophenoxyacetic acid 
(2,4-D) has been labelled with **I; 2,4-dichloro-5-iodophenoxyacetic acid 
(and also certain derivatives) were synthesized by diazotizing 5-amino-2,4- 
dichlorophenoxyacetic acid, treating the product with potassium iodide con- 


taining 20 millicuries of ***I, and then cooling, filtering and washing with 5% 


sodium bisulphite and water. After recrystallization from 50% ethanol the 
yield was 65%.°° 7 
On applying the active iodo-2,4-D to bean seedlings, most was found after 
three days to be in the more mature parts of the stem. This contrasts with 
the behaviour of INBA which appeared mostly in the terminal buds of bean 
plants.** These observations are, however, confirmed by the behaviour of 
2,4-D labelled with carbon 14.°° In tests on inhibition of growth in the ter- 
minal bud of kidney bean seedlings, it was shown that 2,4-dichloro-5-iodo- 
phenoxyacetic acid was only about 60% as efficient as pure 2,4-D. Thus the 


substitution of iodine modifies the properties of the plant growth regulator — 


quantitatively, but as “C-labelled 2,4-D behaves similarly in distribution 
studies it is probable that the mode of action of the ***I-labelled material is 
the same as that of ordinary 2,4-D. 


IODINE AND THE THYROID GLAND 


The thyroid gland in mammals secretes a hormone, which*has long been 
known to contain iodine and governs the metabolic rate of the whole body. 
The development of work on the thyroid gland and its iodine metabolism has 
been reviewed by Harington.*® The existence in thyroid tissue of the com- 
pound thyroxine was confirmed by its chemical identification and synthesis:*””* 
it is the Qeamino acid:- : 


I J 


a0 < S _ CH(NH,)COOH 


The thyroxine content of the thyroid gland did not account for all the iodine 
present and 3,5-di-iodotyrosine was subsequently identified as being the other 
major organic constituent*® 


I 
HOK” CH, _CH(NH,)COOH; 


* 


J 


; 
for a long time, these were believed to be the only iodine-containing organic : 


compounds in the gland. Using radioiodine ***I as iodide, Morton and Chai- 
koff*® demonstrated the synthesis in vitro of di-iodotyrosine and thyroxine by — 
isolated thyroid tissues of sheep, dog and rat. In two or three hours, dog and 
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sheep thyroid slices had converted amounts of the order of 30% of the added 
iodide into di-iodotyrosine. Rat thyroid was particularly efficient in con- 
verting iodide into organic compounds: in 3 hours, about 60% of the activity 
originally added as iodide appeared as di-iodotyrosine and as much as 12% as 
thyroxine. To identify thyroxine and di-iodotyrosine after alkaline hydrolysis 
of the thyroid tissue, unchanged iodide was first eliminated by oxidation in 
acid solution and extraction with carbon tetrachloride. Then a thyroxine 
fraction and a di-iodotyrosine fraction were extracted with butanol, the first in 
strongly alkaline solution and the second at pH 3:5—4-0. Pure inactive 
thyroxine and di-iodotyrosine were added to the respective radioactive fractions 
and repeatedly recrystallized, the thyroxine as the potassium salt and the 
di-iodotyrosine from 70% ethanol. The specific activities of successive 
crops of crystals were found quickly to reach a constant value, and this was 
taken as evidence for the chemical identity of the radioactive residue and the 
added pure compound in each case. In fact, although it is evidence of chemi- 
cal identity, the method of crystallization to constant specific actjvity is not 
quite conclusive even when the number of recrystallizations is large, because 
in any one physical process it is just possible for two different compounds to 
behave similarly. Later, when Fink and Fink** had introduced the method of 
combined filter paper chromatography and radioactive measurement, with its 
very high resolution, and had reported the presence of monoiodotyrosine in 
thyroid hydrolysates, Taurog, Chaikoff and Tong** re-examined the matter. 
They confirmed the presence of a considerable proportion of monoiodotyrosine 
which must previously have appeared in the di-iodotyrosine fraction. Earlier 
results of Fink et al. showed the presence of other unidentified iodine-con- 
taining compounds in rat thyroid hydrolysate, but whether these were present 
in the original protein or were formed afterwards by reaction of radioiodine with 
molecules in the solvents employed is not clear.** 

There is evidence of a sequence of reactions in the biosynthesis of thyrox- 
ine in the thyroid. [Iodine circulating as iodide is rapidly taken up into the 
thyroid, as has been often demonstrated by labelling with radioiodine.** Iodine 
administered in the form of iodate and di-iodotyrosine does not enter the thyroid 
at once, but some does so after an interval.** Similarly, if radioactive thyrox- 
ine is given, some of the activity does eventually get into the thyroid, but 
not immediately.** In both cases, it is probable that the administered com- 
pounds first break down, at least pattially, to iodide which is then taken up by 
the thyroid in the normal way. 
| In a series of reactions taking place at a steady rate in a tissue, labelling 

of the initial compound will provide evidence of the order in which compounds 
are formed one from another.*’ Curves are plotted of specific activity against 
time for two compounds, and if one is the immediate precursor of the other 
there will be a definite relationship between their specific activity=time 
curves. Three criteria may be applied: - 
1, When the specific activity of the compound is increasing - 
with time, that of the precursor must be greater. : 
2. When the specific activity of the compound is maximal, it 
will be equal to that of the precursor. 
3, When the specific activity of the compound is declining, that 
of the Precursor will be still lower. 

In this way it has been found that disiodotyrosine is the biological pre- 
cursor of thyroxine in the thyroid.** Radioiodine was administered as iodide 
to rats which were divided into groups and killed at intervals, the thyroids of 
each group being pooled and the di-iodotyrosine and thyroxine extracted. 
Measurements of specific activities showed that the curve for di-iodotyrosine 
rose more rapidly than that for thyroxine, passed through a maximum and then 
cut the curve for thyroxine when that had just about reached its maximum. 


= 
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Similarly, when confirming the presence of monoiodotyrosine in normal thyroid 
tissue, it was shown by Taurog, Chaikoff and Tong*® that the variation with 
time of the specific activities of the monoiodo- and di-iodotyrosine fractions 
was consistent with the suggestion that monoiodotyrosine is the precursor of 
di-iodotyrosine. It appears, therefore, that iodine entering the thyroid as 
iodide ion is oxidized and forms first monoiodo- and then di-iodotyrosine, two 
molecules of which undergo an oxidative coupling with the elimination of the 
side chain of one, so forming thyroxine. “ . 


THE CHEMICAL NATURE OF THE CIRCULATING THY ROID HORMONE 


During the synthesis of thyroxine within the thyroid gland, all the iodinated 
amino acids remain bound within protein molecules, and for some time it was 
considered that the circulating thyroid hormone secreted by the gland was this 
protein itself. However, thyroid tissue given by mouth is capable of relieving 
the symptoms of lack of thyroid hormone in the blood, and this makes it 
unlikely that the circulating hormone is thyroglobulin, the protein of the 
thyroid gland. This protein, when administered orally, would be decomposed 
in the stomach and could hardly be resynthesized thereafter. A later view 
that the circulating thyroxine was combined in a polypeptide has .also been 
abandoned in the light of evidence presented by Taurog and Chaikoff*® that 
most of the iodine is present in the blood as thyroxine itself. They showed 
that the circulating iodine could be extracted from plasma into n-butyl alcohol 
directly and was only slightly re-extracted with a 4N-NaOH=5% Na,CO, solu- 
tion which would take up di-iodotyrosine and any inorganic iodine. When rats 
received **I 24 hours before their plasma was extracted with butanol, a 
radioactive extract was obtained which crystallized to constant speciig 
activity with inactive pure thyroxine. The distribution between two immis- 
cible solvents was also similar to that for pure thyroxine, and very different 
from that obtained when a peptide obtained from thyroid protein was examined * 
with the same solvent pair. Chromatographic examination of the radioactive 
butanol extract from the plasma of rats®** has also shown the presence of 
thyroxine, and it is concluded from all this evidence that thyroxine is the true 
circulating thyroid hormone. Thyroxine in the blood is associated with 
particular protein fractions,** but there is no evidence of chemical binding, as 
otherwise the direct extraction from plasma into butanol could hardly occur. 

Recently, Gross and Pitt-Rivers*** have demonstrated the presence of 
3,5,3'tri-iodo-L-thyronine in the plasma of human patients who had been 
undergoing *“*I therapy. The material was found to act in the same way as 
thyroid hormone but was about three times as active biologically as thyroxine 
itself.. The authors suggest that tri-iodothyronine might be the real thyroid 
hormone, formed by enzymatic de-iodination of thyroxine. It may well be that 
the similarity of tri-iodothyronine to thyroxine, chemically and in their be- 
haviour in some chromatographic systems, has led to its being so long un- 
detected, just as monoiodotyrosine was long undetected in thyroid tissue. 

Active iodine has been used extensively in studies of chemical sub- 
stances which interfere in various ways with the metabolism of iodine in 
thyroid glands normal and otherwise. The remarkable advances made over 
the last decade in this whole field has certainly been largely due to the 
application of the radioactive tracer method. 


CLINICAL USES OF THE RADIOHALOGENS: DIAGNOSIS OF THYROID FUNCTION 


By far the greater proportion of the radioiodine, “I, produced at present is — 
used clinically for the diagnosis and treatment of thyroid disorders. Early — 4 
experiments’® by Hertz, Roberts and Evans demonstrated the rapid uptake of — 
iodine-128, administered as iodide, into the thyroids of rabbits and indicated 
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that when the thyroid had been stimulated by injection of anterior pituitary 
extract the collection of iodine by the thyroid was much more rapid and ex- 
tensive than was normal. Hamilton and Soley®’ introduced the technique of 
administering about 50 microcuries of ***I to a patient and following the uptake 
into the thyroid by means of a Geiger-MUller counter placed in a definite 
position close to the gland. On normal controls, the activity of the gland 
rose to a substantially constant value after two days. It was found that the 
thyroid of a patient with myxoedema took up practically no radioiodine, while 
patients with various other forms of thyroid abnormality showed marked di- 
vergences from normal when the curve of activity in the thyroid was plotted 
against time. The use of radioiodine as a diagnostic aid has been much 
_ developed and is now routine practice for the investigation of thyroid function 
wherever facilities exist for using it. The use of directional-radiation mea- 
surement has been so developed that deposits of radioiodine in thyroid tissue 
Or in metastases from thyroid carcinoma can be located in a patient without 
operation. In an extension of the use of *I in thyroid function diagnosis, 
several authors have given small doses (10 microcuries) of radioiodide solu- 
tion and measured the excretion in the urine over the subsequent 48 hours.**** 
Differences in excretion rates are found for different thyroid conditions. This 
type of diagnostic test may be rather less precise than more elaborate studies 
but it is simple and suitable for routine application. 


RADIOIODINE AS A THERAPEUTIC AGENT 


The use of radioiodine isotopes in the treatment of thyroid disease was 
developed mainly in the United States and the earlier work has been reviewed 
by Hertz. Both 12-6-hour **°I and 8-day ***I were used at first, but more 
recently the routine production of the latter from pile irradiated tellurium or 
from fission products has made it the radioiodine generally used. The order 
of magnitude of a therapeutic dose is 5-50 millicuries. 

Radioiodine administered as iodide, with as small an amount of carrier 
4271 as possible, may be fairly rapidly distributed so that about 50% appears 
in the thyroid and almost all the remainder is excreted in the urine. That in 
the thyroid will deliver locally a dose of radiation which may be estimated 
from the behaviour of a small tracer dose administered during diagnosis. This 
radiation will destroy thyroid tissue almost exclusively. In the early days of 
radioiodine therapy, carrier iodine amounting to 2-14 mg. *77I was used in 
the therapeutic dose, but now the amount of carrier is kept as low as possible 
so that the thyroid gland can take up a larger proportion of the dose.” 

Even when Hertz reviewed the field, it was concluded that radioiodine 
therapy was of value in many cases of hyperthyroidism as well as in rare 
cases of cancer of the thyroid. In most cases of thyroid cancer, the malig- 
Mant tissue is unable to concentrate iodine sufficiently to permit selective 
irradiation. ; 

Subsequently, much more experience has been obtained in the therapeutic 
use of ***] and current practice has recently been described.°%** While ***I 
therapy seems well established in the treatment of thyrotoxicosis, there appear 
to be some cases of thyroid cancer, particularly when metastases occur, where 
radioiodine is of value. 


BROMINE-82 AS A SOURCE FOR RADIOTHERAPY 


In the only other major application of a radiohalogen in therapy, the 
chemical nature of the material is of no significance. Walton and Sinclair™ 
have used high activities, of the order of 500 millicuries, of sodium-24 or 
bromine-82 in solution for the direct irradiation of malignant tissue in the 
bladder. The solutions are passed into a rubber balloon which has been 
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inserted into the bladder, and after irradiation the active solution is with- 
drawn. ‘°*Br is chosen for this purpose because of its short half life and the 
suitability of the radiations emitted. 


LOCALIZATION OF TUMOURS WITH LABELLED COMPOUNDS 


If organic compounds labelled with itodine-131 or like radionuclide could 
be found which would have the property of selective concentration in tumours, 
for example, in the same way as iodine is concentrated by the thyroid, they 
would be most useful in facilitating the diagnosis of tumours not otherwise 
observable from outside the body. Considerable interest was aroused by 
claims that a high proportion of brain tumours had been localized by using 
the dye di-iodofluorescein labelled with ***I,°° though later workers have not 
had such good results. Other radioactive substances that might be concen- 
trated in tumour tissue have been investigated but so far nothing comparable 
with the concentration of iodine by thyroid tissue has been found.” 


INDUSTRIAL USE OF RADIOHALOGENS 


The use of radiohalogens in industrial processes has so far been due to 
their physical rather than to their chemical properties. Usually a radioactive 
liquid or gas is mixed with another liquid or gas respectively, so that the 
position of the labelled bulk can be determined by detection equipment such 


as a portable Geiger counter. The essential point is that radioactive material 


shall be synthesized having convenient properties of solubility, adsorption 
and so forth, and the fact that the radioactive nuclide used for labelling hap- 
pens to be a halogen is incidental. Nevertheless, one or two cases may be 
mentioned where the transport of radiohalogen-labelled materials has been 
studied as they illustrate one type of industrial usage. This type of experi- 


ment, while rather crude, is important, as it yields the desired information © 


more quickly and cheaply than do more conventional methods. 


THE DETECTION OF LEAKS IN TELEPHONE CABLES 


In most telephone cables copper wires, insulated by binding with brown 


paper tape, are twisted together and sheathed with an extruded coating of 


lead. This assembly may sometimes be further protected with tarred jute 
and even steel tape. Any hole in the lead sheathing may allow water to enter 
the cable, destroying the insulation, whether the cable is buried in the ground 
as is usual in Continental Europe or whether the cable is pulled into ducts as 
is usual in this country. Even after a cable has been tested in the factory, 
by pumping up with compressed air while immersed in water, leaks may 
develop during cable laying, sometimes because particles of foreign matter 
embedded in the lead sheath work loose when the cable is being bent. A 
method is therefore required for testing for leaks just after the cable is laid 
and before it is put into service. 

Methyl bromide labelled with “Br has been used®* successfully for 
finding leaks in cables laid in both the usual ways, since its properties make 
it very suitable for the purpose. It is stable chemically, condensible enough 


to be easily manipulated in cold traps and also to be adsorbed on soil so that — 


it remains for some time just below the surface of the ground above a leak in a 
buried cable. On the other hand it is not strongly enough adsorbed on the 
brown paper insulation of the cable to be separated from its carrier gas. 
Methyl bromide labelled with **Br is mixed with nitrogen or air and applied 
to the cable under a pressure of about 1 kg./cm? In the case of cables 
buried at 0°8 metre depth, the activity is detected directly above the leak over 
an area of about 4 or 5 square decimetres, and the active patch develops ina 
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few hours according to the leak size and the distance from the point of in- 
jection. Using 10 mc. of **Br, leaks of 0-08 to 0-2 lit./min. show up clearly 
on a portable detecting instrument about 12 hours after injection. 

In the case of ducted cables, laid in lengths of about 170 yards, it is only 
necessary to detect which length is leaking. In this case, after the methyl 
bromideair mixture has been injected into the cable and the pressure raised 
to about 20 pounds per square inch above atmospheric, the air in the cable 
duct is drawn through charcoal by which methyl bromide is strongly adsorbed 
at ordinary temperatures. The appearance of activity in the charcoal indi- 
cates a leaky length of cable, and the sensitivity of the method in these con- 
ditions is much higher than for buried cables: indeed it seems likely that a 
leak of about 1 c.c. at N.T.P. of gas per hour should be detectable. 


WATER TRACING 


The problem of tracing water in its passage through soil may be of con- 
siderable industrial importance. A tracer substance mixed with water and 
passed with it underground is likely to be lost in the soil by ion exchange, if 
the activity is cationic, and by adsorption. As oxygen has no convenient 
radioactive isotope, the only radioactive label for water which could not be 
separated from the bulk by either of these two processes is tritium, (radio- 
active hydrogen of mass 3 and a half life about 12 years). Tritium labelling 
in water tracing has been proposed but is not yet commonly practised. Water 

“tracing with the dye fluorescein is much used, but here again adsorption may 
interfere. Greater sensitivity should be achieved using radioactive tracing 
and for this purpose an aqueous solution of bromoform (solubility 3 g./litre) 
labelled with **Br has shown promise. Subterranean streams have also been 
successfully traced with **3r and ***I, both as the halide ion.® 


THE INDICATION OF OTL JUNCTIONS IN PIPELINES 


Pipelines used for the transport of oils have frequently to be used suc- 
cessively for different grades of oil product, such as motor fuel, aviation 
spirit, kerosene etc., and may extend for tens of miles or even one or two 
hundred miles. When the grade of petroleum product is changed, mixing will 
occur at the liquid junction so that for an appreciable time oil is delivered 
which is intermediate between the two standard grades and must be rejected. 
It is therefore important to determine the arrival of the junction as accurately 
as possible, so that the minimum quantity of a pure grade of petroleum is 
discarded with the unusable mixture. 

A small amount of an oil-soluble compound labelled with a suitable ~ 
active radioactive nuclide is injected at the junction of two different grades 
of oil product, the y-radiation being energetic enough to allow its detection 
outside the pipeline. As the junction moves along the pipeline, it spreads 
out by mixing (not appreciably by diffusion) but at the delivery point detection 
equipment will show the arrival of the mixture of grades and this mixture can 
be discarded. When the activity falls, pure petroleum product of the second 
grade is being delivered and can be directed into the appropriate storage 
tank. 

Among the radioactive materials usable for this purpose, ethylene dibrom- 
ide labelled with **Br has been found to be quite suitable. It is chemically 
stable and in small quantity is unobjectionable in petroleum fuels. The y- 
radiation is energetic enough to permit easy detection outside a pipeline. 
The half life of 35 hours is rather inconveniently short because it necessitates 
making up a fresh supply of tracer material for each investigation. In a field 
trial”° on an 8-inch pipeline pumping kerosene and motor spirit at 2:5 m.p.h. 
over 394 miles it was found that the spread of the mixed grades, as indicated 
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by the detection of °*Br activity, occupied 220 yards of piping, this being 
the distance between the positions where the mixture contained 90% kerosene 
and. where it was 90% motor fuel. 
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SECTION XLIV 
ASTATINE 
By A.G. MADDOCK 


The element of atomic number 85, the last halogen, often referred to in 
the past as eka-iodine, was named Astatine by Corson, McKenzie and Segre, 
who prepared the first isotope of this element that was identified and studied 
some of the chemical properties of the element. The name, which was 
derived from the Greek word aoTaToo meaning ‘unstable’, emphasizes the 
instability of all the isotopes of this element towards radioactive decay." 
The recommended pronunciation of the name is 4 ta ten and the symbol is 
At.” At the meeting of the Commission on Atomic Weights of the Inter- 
national Union of Chemistry at Amsterdam in September, 1949,* it was decided 
that until such time as a macroscopic quantity of this element is separated 
the official table should indicate in square brackets the mass number of the 
most stable known isotope, viz. [210], Earlier names, based on unsubstan- 
tiated claims to the discovery of the element, include Alabamine* and Anglo- 
helvetium.*® As an alternative to the obvious inelegance of the latter name, 
Leptine, (from XeEm?T0c) was suggested.® 


HISTORY 


The history of the discovery of this element shows several similarities 
to that of francium, element 87. The discovery and interpretation of atomic 
numbers by Moseley and the establishment of the physical basis of the 
periodic classification of the elements by Bohr in the early nineteen twenties 
indicated that a fifth halogen might exist.’ Consideration of the properties 
-of the neighbouring elements suggested it would probably prove to be radio- 
active, though no basis for the estimation of its radioactive properties was 
known at that time. The subsequent search for the element followed two 
principal lines; one involved chemical studies, usually combined with a 
sensitive physico-chemical method of detection, especially X-ray emission 
spectroscopy, whilst the other depended on radioactive studies. 

It was realized that unless the element possessed a stable or very long- 
lived isotope it must occur in association with one of the three natural decay 
series, so that attention was focussed on uranium and thorium minerals. 
However, some investigators ignored the question of the radioactive character 
of the element and explored the possibility of its natural occurence in macro- 
Scopic quantities. The highly specific character of X-ray emission spectra, 
their sensitivity and the simplicity of the preparation of the samples en- 
couraged the application of A-ray emission spectroscopy as a means of detec- 
tion and analysis. 


Early Searches using X-ray Emission Spectroscopy. 


During 1925 and 1926 Loring and Druce reported an investigation of the 
minor contaminants of a sample of pyrolusite and two samples of pure man- 
ganous sulphate. The chemical treatment employed and the identity of the 
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original materials and of the various fractions examined were rather in- 
adequately described. The primary objective of the investigation was the 
detection of the then unknown elements of atomic numbers 75 and 93.% In 
each case the manganese was removed as the sulphide by passing hydrogen 
sulphide through a solution of the source material and adjusting the pH to a 
value high enough to ensure complete precipitation of the manganese. The 
sulphide precipitate was separated and the supernatant solution evaporated to 
dryness and ignited. The residue was dissolved in nitric acid and the cal- 
cium removed as oxalate. The supernatant solution was again separated, 
evaporated and ignited. The X-ray emission spectra of varicus samples 
obtained during these separations were examined by Twyman using an X-ray 
emission spectrograph in the possession of Messrs. Adam Hilger, Ltd. The 
instrument was not capable of resolving the La, and La, lines of elements in 
this region of atomic numbers nor, apparently, could it record the K radiation. 
Various plates were obtained showing lines that were attributed to the L 
radiations of the elements of atomic number 75, 85, 87 and 93, all of which 
were at that time unknown.*® Two or three plates gave lines at 1-086 and 
0-895 A.}* which correspond to the wave-lengths calculated by the authors,’” 
and others,** for the LB and the mean La radiations from element 85. It was 
observed that the latter line would also correspond to the LP radiation from 
element 93.** The identification of the samples giving these radiations is 
not made clear in the papers. No attempt was made to follow the movement 
of the material responsible for the supposed radiations during further chemical 
separations. 

It is now apparent that these results must be attributed to other causes. 
Indeed the insufficiency of such identification was quickly emphasized by 
_other investigators** who noted that, within the resolution of the instrument 
used, the observed lines could be simulated by the Zn Ka and the Hg La, 
LB, and Ly, lines. These lines commonly appear, together with those from 
silver and other elements, when the usual copper anticathode is used. Ano- 
ther common source of anomalous lines lies in imperfections in the crystal in 
the spectrograph. It was pointed out**that only some seven of a number of 
unidentified lines on the plates were explained by an hypothesis involving 
the presence of four previously undiscovered elements in the source material. 

In a final review,*® in which the 1-086 A. line is described as nebulous, 
Loring withdrew any claim to the discovery of element 85. 

About the same time the dissolved salts of the Dead Sea were examined 
for their content of elements 85 and 87.*’ A sample of water from the northern 
end of the sea was taken during the period of maximum density, when its 
density was 1-2089. All metals, except the alkali metals, were removed and 
the chloride in the residual liquor fractionally precipitated as silver chloride. 
The first fractions were examined by X-ray emission spectroscopy but no 
trace of lines due to element 85 could be found. In 1927 Herzfinkiel re- 
viewed the evidence and concluded that the existence of element 85 was 
unproved. He described an unsuccessful search conducted in collaboration 
with Lobanow. Several iron and platinum minerals were examined. The 
X-ray spectroscopy was carried out by Dauvillier.*® 


Unsuccessful Radiochemical Searches 


On investigating the possible radiochemical derivation of astatine, Hahn 
observed that the currently recognized radioactive decay process could only pro- 
duce isotopes of element 85 either by a-decay of an isotope of the unknown ele- 
ment 87, or by P-decay of an isotope of polonium.*® Speculation on the 
origin of the nitrogen generally associated with uranium minerals led to the 
suggestion of a disintegration process involving the emission of nitrogen 
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nuclei.*° Such a process occurring in uranium I would produce an isotope of 
element 85. No evidence supporting such an hypothesis has ever been ob- 
tained. The existence of a stable or very long-lived polonium isotope could 
not be excluded. Hevesy discussed the a and £ stability of the isotopes of 
elements in this region of atomic numbers,”* and emphasized that no decision 
could be taken regarding the existence of stable isotopes of either polonium 
or element 85. The possible genesis of element 85 by ardecay of element - 
87 linked the searches for these two elements. 

No evidence for a long-lived isotope of the element in either of the uranium 
decay series could be obtained.”” Iodine was used as carrier; it was incor- 
porated in a sample of Katanga pitchblende by evaporation from a solution of 
potassium iodide, 2mg. of iodine carrier being used for 10g. of mineral. 
The iodine was separated by volatilization in a stream of chlorine, followed — 
by precipitation as silver iodide. A recovery of about 80% was obtained. 
The X-ray emission spectrogram of the product showed no sign of lines due 
to element 85, although the La line should have been noticeable if the ore 
contained 1 part of the element in 10° parts of ore. 

A posthumous publication of Anderson,** edited by his collaborator Keel, 
described a similar investigation of a number of minerals in which, however, 
the products were examined for radioactivity and not by X-ray emission spec- 
troscopy. The substances investigated were pitchblende, thorite, a source 
of Ra-D prepared from old radon tubes, and a variety of sulphidic minerals 
including stibnite and antimonite. The pitchblende and thorite samples were 
fused with alkali and the melt leached with a very dilute solution of potassium 
iodate, to provide the carrier iodine. The extract was reduced and the iodine 
separated either by precipitation as silver iodide or, after re-oxidation to the 
elemental state, by solvent extraction or sublimation. The sulphidic minerals 
were dissolved in nitric acid and the carrier again added as iodate. After 
reduction with hydrazine sulphate the iodine was separated as before. Sim- 
ilar procedures were adopted for the Ra-D. The recovery of the carrier was 
good. All the products were examined for radioactivity by means of a de- 
mountable Geiger counter, so that even the least penetrating radiation should 
have been recorded. No activity that could be attributed to element 85 was 
detected. The Ra-D separations were complete in about 1/4 hours; the time 
taken for the other separations is not given. 

A claim to the separation of a macroscopic amount of element 85 from 
Travancore monazite has been made.** The substance was separated during 
a supposedly successful search for the thorium series analogue of Ra-F. The 
author suggested the name ‘Dakin’ for the element. From the account” of the 
properties given it is not possible to deduce the nature of the substance that 
was obtained. 


‘Other Attempts at Physical Detection. 

In common with that of the rest of the then missing elements, the dis- 
covery of element 85 was claimed by investigators using the discredited 
magneto-optic method of analysis.7* The supposedly responsible isotopes of 
the element were enumerated and an attempt was made to fit them into the 
radioactive decay series.” 

Toshniwal”® suggested that two inexplicable lines, at 2012 and 1969 A., 
observed during the photo-dissociation of iodine vapour, should be attributed 
to element 85. The lines were probably due to impurities. 

In 1934 Hulubei and Cauchois” examined the direct quantum emission 
from radon and its decay products in the wave-length region from 15 to 1300 
X., using a curved crystal focussing spectrograph with photographic re- 
cording. If the plates are suitably screened from the direct radiation from 
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the source, such a spectrograph will detect even very infrequently excited 
radiations. Control experiments with an X-ray tube having a molybdenum 
anticathode showed that all the forbidden KB lines, including the KB, and 
KB, lines, could be found by an exposure of a few hours. The dispersion of 
the instrument was about 1 syd in the third order and the molybdenum Kf, 
doublet was resolved in the first order. A two hour exposure with a 250 m.c. 
radon seed revealed several lines within the above wave-length range. Five 
years later, after the exposure of many more plates both on the original and 
on other spectrographs, several of the lines were identified with those to be 
found in the X-ray emission spectra of lead, bismuth or polonium, all of which 
elements appear amongst the radon decay products.*° However, three lines, 
at 1082-6, 892 and 151 X., could not be attributed to any known element. It 
was suggested that these were the La, LA, and Ka, lines of element 85. 
The observed wave-lengths were in good agreement with those calculated for 
element 85 by extrapolation from the data obtained in the same experiments 
for the radiations from elements 82, 83 and 84, or by interpolation from exis- 
ting data for bismuth and radium. It was suggested that element 85 must be 
present in the radon decay products. In the following year** these authors 
claimed priority for their discovery, in view of Minder’s observations on the 
B decay of radium-A (see below). Valadares** confirmed these observations 
and reported additional lines at 875, 880 and 917 X. which he attributed to the 
LB;, LB, and LB, lines of element 85. It was impossible to look for the Ly, 
line because it coincides with the Ly, line of bismuth. A much more de- 
tailed account of the earlier experiments was published by Hulubei.**** She 
observed that 10°7*°g. of polonium could be detected by excitation at an anti- 
cathode and that nuclear excitation of the X-radiation of element 85 might be 
much more efficient, so that very minute amounts could be detected. The 
best results were obtained with a spectrograph of radius 75 or 150 cm., with 
heavy protection to avoid parasitic blackening of the plates. Twenty-four 
_ hour exposures with a 200 m.c. source of radon were used for the measure- 
ments on the radiations. The name ‘Dor’ was proposed for the element. 
Since it is now known that an isotope of element 85 is found as an oc- 
casional branch product amongst the radon decay products, it is quite pos- 
sible that some lines of its X-ray emission spectrum may be found inthe 
radiations from radon seeds. Although the branching ratio for the production 
of element 85 is very small, it is indeed quite possible (if, for example, the 
B-decay of radium-A is associated with a heavily internally converted y 
radiation) that every atom of element produced emits a quantum of X-radiation. 
Nevertheless, it is very doubtful if such weak radiation could be detected, 
even with the focussing spectrographs described. Great care must be taken 
in the interpretation of X-ray emission spectra. For instance, several in- 
explicable satellite lines were observed to accompany the bismuth lines.” 
These were attributed to the effects of orbital rearrangement in the nascent 
atoms. It is even possible that some of the observed radiations were of 


nuclear origin. These and other possibilities have been discussed by 
Hulubei.** 7 


Element 85 as a Branch Product in the Natural Decay Series. 


The discoveries of artificial radioactivity and of the neutron were a 
powerful stimulus to radiochemical research, including the study of the 
naturally radioactive elements. Although nuclear theory did not develop 
sufficiently to predict the radioactive characteristics of isotopes of the heavy 
elements, empirical studies of the systematics of a- and P-decay revealed 
regularities sufficiently marked to permit confident interpolation of the radio- 
active constants of the isotopes of both the known and unknown elements. 
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It thus became recognized that all the isotopes of element 85 would be radio- 
active. 

The conditions for P-activity were found to be much the same for all 
nuclei. The regularities in the distribution of stable nuclei, especially those 
of odd atomic number, were discovered. The application of these rules to 
element 85 suggested that the isotopes of mass number 213, 215 and 217 
would be stable to either kind of B-decay. Two of these nuclei might occur 
as decay productsin the missing 4n + 1 decay series, one member of which, 
233Da, had by this time been discovered. *® 

Another empirical rule advanced by Turner*® stated that the B"-stable iso- 
topes of an odd element are given by one or two of the three mass numbers 
A+1,A-1, A= 3, where A is the heaviest B"-stable isotope of the preceding 
element. This rule indicates that the lighter isotopes of element 85, 211, 
213 and 215 should prove B*stable. Schintlmeister explored the relation 
between the S-decay energy and the isotope number (/=A =-2Z) and erroneously 
concluded that RaeA and Th-A should be stable to B"-decay.*” On the other 
hand Minder showed that isotopes for which (A - Z)/Z > 1.56 are Br-active | 
and concluded that Ra-A and Th-A should exhibit B*sactivity.*® 

Because of the complex relation between the ["-decay energy and the half- 
life, no reliable prediction could be made of the PB -decay half-lives of the 
above two isotopes: nevertheless, Turner estimated their B"-decay half-lives 
and hence the B"/a branching ratios. For the former isotope he anticipated a 
half-life for B°-decay of ~0+1 sec. so that the B°/a branching ratio should be 
~5 x 10°. TheA, and probably Ac-A, should show extremely small B"/a 
branching ratios. The production of an isotope of element 85 by decay of the 
product of radiative thermal neutron capture in radium was considered.°* 

When the a-decay energy is plotted against the atomic and mass numbers 
in a three dimensional graph, the points lie on a smooth concave surface 
from which the a-decay energies of unknown isotopes can be estimated. The 
relatively simple relation between the a-decay energy and the half-life per- 
mitted more accurate prediction of the radioactive characteristics of these 
nuclei. In this way it was found that the 30 year natural actinum, 777Ac, 
should show measurable a-activity and that the decay product, an isotope of 
the then unknown element 87, should in turn show some as-activity, as well as 
B°-activity, producing thereby an isotope of element 85.°7°%*° 

In 1940 Minder claimed to have detected an increase in the B”-activity of 
radon with time, during the first 13 minutes after purification of the radon, 
greater than could be ascribed to the growth of Ra-B and Ra-C. This ace 
ditional activity appeared to be due to a radiation that was absorbed by only 
1mm. air equivalent. He suggested that the activity was due to Ra-d. Ex- 
cept for the doubtful suggestion that the coagulation of a starch solution by 
radon might be due to the element 85 so formed, he could not find any chemical 
evidence for the formation of element 85. However, he proposed that the 
element be called Helvetium.** Turner*® doubted the validity of this claim 
because the small range of the radiation was incompatible with his expected 
Br-decay energy of Ra-A. Repetition of Minder’s experiments by Karlik and 
Bernert failed to confirm his results.**** 


THE DISCOVERY OF ASTATINE 


Until the second and larger cyclotron began working at the University of — 
California at Berkeley, no accelerator was capable of accelerating helium 
ions to a sufficiently high energy to surmount the coulomb barrier of the heavy 
elements and so reach an energy region where the cross-section for a-induced 
nuclear reactions became appreciable. Upon completion of the 60 in. cyclo- 
tron one of the first nuclear reactions of the heavy elements to be studied 
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was the a-bombardment of a bismuth target. The bombardment produced two 
New Q-active species of range 6-5 and 4-5 cm. in air at N.T.P., 60% of the 
a-activity belonging to the long range group and 40% to the short range group 
of a-particles. Both activities decayed with a half-life of 7-5 hr.** The 
activity could be separated from the target by distillation and was also shown 
to be separable from mercury, lead, thallium, bismuth and polonium. The 
possibility of fission was excluded by both chemical and physical considera- 
tions. The chemical properties described in this first publication‘*® subse- 
quently proved rather inaccurate but the a-activities were correctly ascribed to 
a 7-5 hr. isotope of element 85, subsequently called astatine (see page 1064), 
44At. The 4-5 cm. particle is emitted by the direct a-deeay of the isotope. 
An alternative mode of decay, by orbital electron capture, produces a polonium 
isotope, actinum-C’, which has a very short half-life and emits the penetrating 
6-5 cm. a-particles. 


a 
07D» ~——— Ac-C' 


hea 
207 Ri oC 


aii At 
long-lived 


THE NATURAE OCCURRENCE OF ASTATINE 


The literature of the study of the B'-activity of the A products in the 
natural decay series is now quite extensive, but only one of the three cases 
seems adequately established. Minder and Turner pointed out that the 
proton=neutron ratios in Raed, Th-A and Ac-A were large enough to make 
B°-activity very likely (see page 1068). The earliest claim to the discovery 
of the B° -activity of Ra-A was not confirmed. ‘1-48 Subsequently evidence 
of the B'-activity of Th-A was reported by Leigh-Smith and Minder.’ The 
thoron from a 40 m.c. source of radio-thorium was blown between oppositely 
charged copper sheets for 20 minutes; the supposed astatine was sublimed 
from the negative electrode at 180°C. and condensed on a cooled silver wire. 
The wire was then examined in a Wilson cloud chamber. After 10=20 minutes 
a- and B™-tracks were abserved whose origin lay in the gas or on the walls 
of the chamber. The a-tracks appeared in pairs, sometimes accompanied by 
a P-track. Karlik and Bernert were unable to repeat this experiment, al- 
though Leigh-Smith and D’ Agostino reaffirmed their claim five years later.* 

It is now known that the half-life of the astatine isotope **°At is too short for 
detection to be possible by means of such an experiment. 

The following year a study of the energy of the a-particles emitted by 
Ra-A produced evidence of a very short-lived daughter product emitting 
energetic a-particles.*” The Ra-A sources were prepared by 10-15 second 
exposures of a charged foil in 100 m.c. of radon. The a-particles were ob- 
served by means of an ionization chamber with a four stage electrometer 
amplifier and the output was displayed on a cathode ray oscilloscope. A 
new group of a-particles, easily distinguished from those of Ra-C’, of energy 
6-63 M.e.V. was detected. The decay of this activity followed that of the 
Ra-A, indicating that the emission arose from a B"-decay product of Ra-A 
whose half-life could not exceed a few seconds. The proportion of these 
a-particles determined** the §"/a ratio for Ra-A as 3-3 x 10°*, in reasonable 
agreement with Turner’s estimate of 5 x 107*.*° 

Attempts at the direct detection of the B"-radiation have been unsucess- 
ful, 45° 

Two alternative interpretations of the above observations are possible. 
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Radon itself might be B*-active and the energetic a-particles could be emitted 
by either the francium daughter of the radon or by the astatine isotope formed 
by a-decay. Alternatively it is conceivable that the energetic particles are 
emitted by a nuclear isomer of Ra-A. The first of these alternatives has 
been disposed of, at least in so far as a francium isotope of half-life more than 
a few minutes might be involved: separation of an alkali metal fraction from 
the radon decay products failed to separate the tiew active species.” 

Soon after the discovery of B-branching of Ra-A, Karlik and Bernert re- 
ported the B"-branching of Th-A and later of Ac-A. The B°/a ratio for Th-A 
was reported as1-35 x 10° and the short-lived 7*°At produced was found to emit 
a-particles of 7-63 M.e.v.52 The B°/aratio for Ac-A was given as~5 x10°° 
and the particles emitted by the short-lived **At had energy 8-4 M.e. v.°* 
The improbability of this interpretation of the former investigation was 
pointed out by Fliigge and Krebs.®® Each B*-branch rejoins the main decay 
chain at the C product, so that if each leads to the ground state of the C pro- 
duct the energy released should be the same by either route, since each in- 
volves the emission of one a- and one f-particle. For Ra-A the total dis- 
integration energy (the sum of the kinetic energies of the a-particle and the 
recoiling nucleus) is 6-09 M.e.V., and the total disintegration energy of Ra-B 
is 0°96 M.e.V. The total adisintegration energy for the **At is 6-75 M.e.V 
Thus the B*-disintegration energy of Ra-A must be 0-3 M.e.V. This value is 
compatible with the observed branching ratio for a simple allowed B -emis- 
sion, A similar calculation for Th-A shows that the observed a-disintegra- 
tion energy of the 7**At exceeds the combined disintegration energies of the 
A and B products. In the case of Ac-A about 0-75 M.e.V. is available for 
f"-decay. 

Karlik and Bernert acknowledged these anomalies but suggested that 
nuclear isomerism of Th-C, and possibly Ac-C, might account for them.*® 
However, it has been observed that if nuclear isomerism be invoked the B™- 
activity hypothesis is superfluous. One may postulate that the decay of 
thoron or actinon produces a small proportion of a nuclear isomer of the A 
products. The decay of these isomers leads to the energetic a-particles5”** — 
This latter hypothesis now seems the most plausible explanation of Karlik 
and Bernert’s results. Both 7**At and 7*°At have been detected as short-lived 
decay products in the collateral decay chains derived from ““Pa and 27D a 
respectively. The a-particle energies from ***At and **At have been deter- — 
mined as 7-79 M.e.V.5* and 8-00 M.e.V.% respectively. Both these values 
are different from Karlik and Bernert’s values by several times their probable 
error, Karlik has re-examined her evidence in a review of astatine.© Avig- 
non confirms the branching Ac-A, giving & /a=0-9 x10"? and reports that the 
characteristics of the resultant 5A are in agreement with those of the iso- 
tope obtained by 77’7Pa decay.°* Feather has estimated the B/aratioas~6x 
10°? on theoretical grounds. 5® Such a branching ratio would be consistent 
with an allowed B"-emission of 0-75 Me. V. energy.° 

It is possible that the B”-decay of Ra-A is more complex than has been 
described. The discoverers remarked on the probable complexity of the a- 
particle spectrum of the **At decay. Walen has re-examined the a-spectrum 
of the active deposit from radon using a proportional counter and oscillo- 
scope.*> He concludes that the B"/a ratio for Ra-A is 2x10™* but that the 
48At also exhibits B-activity with B°/a~10-*. The product of this mode of 
decay, ***Rn, is described as an a-emitter of half-life 1-3 seconds.“ How- 
ever, 7**Rn formed as a decay product in the collateral series derived from — 

?3°() has been found to have a half-life of 0-02 seconds. £ 

To summarize the present position: Ra-A is 6B -active with B/a ratio 3+3x — 
10°*; the product of the B"-branch is ***At, an isotope of half-life 0-02 se- — 
conds emitting a-particles of 6-63 M.e.V. It is possible that this isotope — 


> 
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also exhibits B°/a branching. It is unlikely that Th-4 shows similar be- 
haviour. The case of Ac-A awaits further experimental evidence. 

Studies of the systematics of a- and B-decay have led to the conclusion 
that the natural francium isotope, 7°Fr or Ac-K, formed by a-decay of acti- 
nium, should also be active.*”5®* Recently Hyde and Ghiorso have detected 
this activity.°° They have determined the a/B™ ratio for 7*Fr as ~4x 1075. 
The half-life of the daughter 7*°At is given as 0-9 min.: it is sufficiently long 
for the separation and chemical identification of the activity. The experi- 
ments were conducted with a 20 m.c. actinium source. The 7°At emits a- 
particles of 6-27 M.e.V., decaying to give **Bi, a B-active body of half-life 
8 minutes. *’At also undergoes B"-decay to produce *°Rn, B°/a = 0.03. 
There is no spectroscopic evidence for stellar astatine. 


NUCLEOGENESIS OF ASTATINE ISOTOPES. 


Although not quite the longest-lived, 7**At is, from the point of view of 
the chemist, the most important isotope of astatine. It is prepared by the 
bombardment of bismuth with helium ions; 7°°Bi (a, 2n) 7**At. The threshold 
for the reaction is about 21 M.e.V.,°’ and the cross-section for the reaction 
rises to about 0-9 barns (see page 1002) at 26M.e.V. If the helium ions are 
accelerated to more than 28 M.e.V. the threshold of the (a, 3n) reaction is 
passed and 7*°At is produced. This isotope decays by orbital electron cap- 
ture, producing polonium, and emits a 1 M.e.V. yray. Its half-life is 8-3 
hours. Therefore the product has greater radiochemical purity if the bom- 
barding helium ions do not exceed 28 M.e.V. The product of the (a, n) re- 
action, **7At, is too short-lived to contaminate the products after separation 
from the bismuth. The helium ion beam in the accelerator is usually con- 
taminated with deuterons so that the target usually contains ordinary polonium 
formed by the reaction 7°Bi (d, n) 7*°Po. Some polonium may also be formed 
by the reaction *°°Bi (a, p2n) **°Po. 

Astatine, 7*At, decays on the one hand by K-capture to give Ac-C’ and on 
the other by a-decay to give a long-lived bismuth isotope *°’Bi decaying by 
orbital electron capture. The decay process has been observed.** 

The formation of #*°At and 7**At has already been discussed in connexion 
with the natural occurrence of astatine (see page 1068 and above). The iso- 
topes of mass numbers 214, 215 and 216 have been identified as short-lived @ 
active products in the collateral decay chains derived from “*Pa, **’Pa and 
7284 respectively.” 

The isotope *7At is also a short-lived a-active body, but it is note- 
worthy as being the only astatine isotope formed in the main branch of a 
principal chain in the radioactive decay series. It is found in the products 
of the 4n + 1 decay series and is therefore formed by the decay of *°7U or 
233[), 6-71 It has a short half-life, 0-018 sec., and emits a-particles of 7-023 
M.e. V. 

The isotope of mass number 213 has not yet been described. All the 
remaining known isotopes from mass number 200-212 have been prepared by 
the bombardment of bismuth with helium ions of appropriate energy.”* They 
are generally so short-lived as to be of little chemical interest. The isotope 
209At has a half-life of 5-7 hours and the decay products, 7°*Bi and **Pb, have 
been investigated: **At exists as two nuclear isomers of half-lives 1-7 and 
7-0 hoursand is interesting as a daughter product of the relatively stable low-mass 
isotope of francium, **Fr, half-life 19-2 minutes, formed by bombardment of 
thorium with 250 M.e.V. protons.”> Two lighter isotopes of astatine, **At 
and *°SAt, have been prepared by the bombardment of gold with accelerated 
stripped carbon nuclei; *7Au (C6*, 4n) 75At and '87Au (C®t, Gn) 7°*At.7%77 
The radioactivity of astatine has been discussed by Maddock.”* 
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TEE CHEMICAL PROPERTIES OF ASTATINE 


Isolation of Astatine 


The bismuth target must be cooled efficiently so that the heat generated 
by the ionic bombardment does not volatilize the product. Two kinds of target 
have been used; one is an aluminium disc coated by evaporation with a thin 
layer of bismuth, the other is made by pressing bismuth oxide into a number of 
holes in a copper plate. The astatine is separated from the bismuth by 
evaporation in vacuo at the melting point and is condensed in a glass trap at 
the temperature of liquid nitrogen. A second distillation is carried out at 
room temperature. The double distillation reduces the polonium to 10° of its 
initial value. The thick target yield (40 mg. /cm.? bismuth) at 28 M.e.V. is 
1-2 x 10° disintegration/minute/jamp.-hour.” 

Alternatively the bismuth oxide may be dissolved in perchloric acid and 
the bismuth and some of the polonium precipitated by the addition of phosphoric 
acid, but this method of separation does not remove the polonium so ef- 
ficiently. *° 


The Estimation of Astatine 


Astatine is most conveniently estimated by means of its a-activity. 
Material of high specific activity is best measured on thin samples, not more 
than 1mg./cm? thick, mounted on a metal disc. Care must be taken to avoid 
loss of astatine by evaporation.”? Materials of lower specific activity are 
better measured with samples thicker than the range of the a-particles.™ 
The photographic plate method should also be suitable for the estimation of 
astatine,™ 

Very low specific activities may be measured, if large quantities of the 
material are available, by. means of the K X radiation of the Ac-C’, using an 
ionization chamber or scintillation counter.”? Biological materials can be 
estimated, after destruction of the tissue by perchloric acid, by co-deposition 
on a tellurium precipitate or by separation on a silver foil. No loss by volati- 
lization has been experienced during destruction of the tissue*” and recoveries 
of 98% are reported. 


The Properties of Astatine 


Since the half-life of **At is so short, macroscopic quantities of the 
element have not been separated and information is available only from tracer 
experiments. Since such experiments are notoriously liable to misinterpre- 
tation, emphasis will be placed on the experimental results. As 650 atoms — 
of astatine give 1 a-disintegration/min., very large activities would be re- 
quired to prepare solutions of normal strength. Thus a 1 M-astatine solution — 
would give 1-54x10*® a-particles/min./c.c. Such an activity would lead to 
considerable radiation effects including continuous production of hydrogen — 
peroxide. In fact, the strongest solution so far employed has been but 107° 
M. and most investigations have been confined to solutions between 10° and 
10°*® Mm. At such dilutions the effect of concentration on the thermodynamic © 
properties is very large and the extrapolation of the results to macroscopic 
behaviour is correspondingly uncertain. These uncertainties will arise if 
dissociation or ionization effects occur or if the reaction involves a change in 
the number of molecules of the astatine compounds. Some of the conclusions — 
drawn from the present experimental data will no doubt later be proved ere 
roneous. 79,80,83,84 


PY 
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“Volatility & 


The volatility of astatine from dry solid surfaces depends on the nature of — 
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the surface. The true volatility of astatine is most nearly displayed on clean 
glass or similar substrates. The evaporation from these surfaces is roughly 
exponential with a half-life of about 1 hour at room temperature. From gold or 
platinum the half-life is about 16 hours. After solution in nitric acid there is 
still a considerable loss on evaporation, because most of the astatine remains 
in the elemental state. The half-life for evaporation of the astatine from 
glass rises to 4 hours at 80°C. A nearly constant loss of 26% is experienced 
on drying such solutions on a platinum tray.” 

The difference in the behaviour of astatine and iodine is very noticeable 
upon distilling aqueous solutions. Distillation of 90% of the aqueous phase 
volatilized the following fractions of the astatine present:- 


14% from 16 Menitric acid, 

2% from 5 Menitric acid containing 3 mg. I, 
30% from 12 M-hydrochloric acid, | 

9% from 18 Nesulphuric acid, 

0% from 60% perchloric acid, 
93% from 0-5 M-sulphuric acid + 0-05 M-Fe2* aq. 


The whole of the iodine was volatilized from the 5 Menitric acid solution in 
less than 10% of the solution. 

From carbon tetrachloride and benzene solutions 36 and 38% of the asta- 
tine, respectively, accompanied the first 90% of the distillate. 7®™** 


Adsorption on Metals 

Astatine vapour is also adsorbed strongly at room temperature, possibly 
with chemical reaction, on silver, gold and platinum surfaces. At 325°C. the 
adsorption on silver is much stronger and on gold relatively weaker. It seems 
probable that the astatine reacts with a clean silver surface.” 


Valence States in Aqueous Solutions 


In addition to solutions of elemental astatine there is evidence of three 
valence states, the astatide ion, At", and two anions derived from positive 
oxidation states, probably AtO” and AtOj. 

The sign of the ions containing astatine has been shown to be negative in 
the following solutions; 1M-and 0-1Menitric acid, phosphate buffers at pH 3,5, 
7,9,11 and 13, O°1 Menitric acid saturated with sulphur dioxide, 0-1 M-caustic 
soda treated with sodium sulphite, 0-1 Menitric acid after oxidation with hot 
potassium persulphate, 0°1 M-caustic soda oxidized by sodium hypochlorite and 
0-5 Menitric acid oxidized by bromine. In each case the sign was determined 
by means of a three compartment migration cell in the form of a U tube and 
fitted with platinum electrodes.” | 

Astatine solutions show critical deposition potentials of -1°22 volts at 
the cathode and -1-45 volts at the anode.” These deposition potentials 
were measured by the method of Joliot.°* The nature of the electrode reactions 
is unknown. The cathodic deposition is reversible and is observed only in 
solutions that have been oxidized by dichromate. Elemental solutions or 
those that have been more vigorously oxidized by persulphate do not show the 
cathodic deposition. The anodic reaction takes place in all solutions of 
astatine. The electrodes used in these experiments were of thin gold foil.” 


Co-deposition and Oxidation-Reduction Reactions 


Astatine is adsorbed strongly on dust and many kinds of precipitates. 
Such effects are reduced by the presence of iodine as carrier. However, in 
clean vessels solutions of astatine in 10 Me-nitric acid, 0°5 Menitric acid and 
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0-1 M-caustic soda show no losses on centrifuging at 2000 g. Elemental 
astatine is removed from solution by precipitation of elementary tellurium, 
metallic silver and various heavy metal sulphides, but the efficiency of re- 
moval is greatly reduced by the presence of iodine as carrier, indicating that 
adsorption is responsible, °°?" 

The astatide state is obtained on reduction by sulphurous acid, nascent 
hydrogen or, less efficiently, arsenious acid. A 0°25 M. solution of ferrous 
sulphate will not reduce astatine to the astatide state. The astatide ion is 
completely removed from solution by precipitation of silver iodide at all pH 
values. Thallous or palladous todide precipitates are equally effective. If, 
however, the conditions of reduction and precipitation are such that some 
elemental silver is precipitated the whole of the astatine will be found on the 
free silver.”°*° Precipitation of silver iodide does not remove elemental 
astatine from solution. Re-oxidation of the astatide ions to astatine can be 
effected by ferric ions. 

A positive oxidation state, an oxy-anion, is obtained by oxidation with 
bromine or dichromate or, much more slowly, with cold nitric acid or ferric 
ions. At pH > 13 astatine solutions disproportionate to give astatide ions 
and the same oxidation state. No characteristic co-deposition reactions have 
been discovered, although this oxy-anion is carried down on a silver iodide 
precipitate. By analogy with the other halogens this state may be the AtO” 
ion, Stronger oxidizing agents such as persulphate or hypochlorous acid give 
a second oxy-anion which, unlike the first, is efficiently co-deposited on a sil- 
ver iodate precipitate. This higher valence state is supposed to be the AtO, 
ion. 

Anumber of miscellaneous co-deposition reactions have been described.*** 
Lead and thallium can be separated from solutions of the element by precipita- 
tion as the chlorides without loss of the astatine. Tellurium precipitated by 
sulphur dioxide in 3N-hydrochloric acid carries down the astatine but effects 
separation from polonium. The tellurium can be separated subsequently by 
precipitation with sodium stannite solution, when the astatine remains in 
solution. Astatine co-deposits on bismuth, mercury, silver and antimony 
sulphides in 6N-hydrochloric acid. In alkaline solution the deposition is 
incomplete. It is also carried down with a number of hydroxides from both 
the elemental and oxidized solutions. Lanthanum hydroxide carries down 
very little elemental astatine but removes a large part of the activity from an 
oxidized solution of the element. It is suggested that La(AtO,), is rather 
insoluble. Fractional hydrolysis of bismuth nitrate in solutions of elemental © 
astatine gives first fractions enriched in astatine. Copper or bismuth foils 
remove some astatine from 0-25 Nenitric acid solution. All these results were 
obtained in the absence of iodine as a carrier.” 


The Solvent Extraction of Astatine 


Partition studies with astatine have proved one of the most powerful and 
reliable techniques of investigation. The partition coefficient of elemental 
astatine between carbon tetrachloride and 0-01 Menitric acid is about 90 and 
between benzene and the same aqueous phase about 200. In making measure- — 
ments the astatine, purified by volatilization at room temperature, was dis- 
solved in the organic solvent and repeatedly extracted with the aqueous phase. 
The first few partitions give lower values but the partition coefficient soon 
reaches a nearly constant value. The reproducibility of the experiments is 
poor, probably because of the effect of minute fortuitous amounts of oxidizing. 
or reducing agents in the system. 

Extraction with a 0-1 M-caustic soda solution reduces the partition coef- 
ficient to about 1-0, presumably because of the disproportionation reaction to 
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give At’ and AtO”. Reacidification to 0-1 M. in nitric acid raised the coef- 
ficient to 25 for carbon tetrachloride, indicating a reversible equilibrium. 

The effects of various oxidizing and reducing agents on the solvent ex- 
traction of astatine have been studied. Astatine dissolved in an organic sol- 
vent was extracted first with 0-01 Me-nitric acid and then with the aqueous 
phases indicated in Table I, which shows the values of the respective partition 
coefficients. ”” | | 


TABLE I.- EFFECT OF OXIDATION OR REDUCTION 
OF ASTATINE ON PARTITION COEFFICIENTS 


Partition Partition co- 
coefficient efficient with 


with 0-01 M- aqueous layer 
nitric acid 


91 0.25 M-ferrous 89 
sulphate in 0-01 
Menitric acid. 
200 Saturated sulphur 3 
dioxide in 0-01 
M-nitric acid. 
200 Cold 0-01 M- 4) 
potassium 
persulphate. 
200 0-1 M-potassium O-l 
persulphate at 
50°C, 
50 3 M-hydrochloric 0-66 
acid. ; 
200 0-1 M-potassium 16 
iodate in 0-01 M- 
nitric acid. 


“Aqueous layer 


1. Benzene 


2. Benzene 


3. Benzene 


4, Benzene 


5. Benzene 


6. Benzene 


7. Carbon 90 Saturated 31 
tetra- arsenious acid; 
chloride 20 mins. 

8. Carbon 50 1-1 M-potassium 0-4 
tetra- iodide in 0-01 
chloride Menitric acid. 

9. Carbon 85 0-25 Me-ferric 2 
tetra- nitrate in 0-01 
chloride Menitric acid. 

10. Carbon 85 0-t M-bromine in 0-05 
tetra- 0-01 M-nitric acid. | 


chloride 


THE PHYSICAL PROPERTIES OF ASTATINE 


Until macroscopic quantities of astatine become available, few of the 
physical properties of the element or its compounds can be measured. Such 
properties as have been described have been interpolated or extrapolated, by 
various theoretical or empirical treatments, from the data available for nearby 
or homologous elements. 

Early calculations concern the possible atomic weight of the element. 
The first and second ionization potentials of the element are calculated®’ to be 
9-5 and 18-2 volts respectively.°°** 

The melting point and boiling point of the element are predicted to be: 
m.p.411°C., b.p. 299°C.°* The fundamental frequency of the diatomic astatine 
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molecule is estimated to be 138*4cm: The polarization of the astatine 


hydride molecule has been discussed.™ 


NUCLEAR PROPERTIES OF ASTATINE. 


The principal radioactive characteristics of the astatine isotopes are in- 
cluded in the table of isotopes of the halogens (see page 962). Certain other 


nuclear properties and their relation to the radioactive properties of the other 


heavy elements will be briefly considered in this section. Shchukarev dis- 


cusses the analogy between the absence of stable isotopes of the odd elements © 


Tc, Pm, At and Fr and the absence of stable odd isotopes of the even elements 
A and Ce.**> However, this analogy may be illusory, since apart from the a- 
instability common to the heavy elements, the isotopes **At and 7"°Fr are very 
probably stable both to PB-decay and orbital electron capture. Bee 
concludes that 7**At should be the most stable isotope of astatine on the basis 


of the trend of the n/p ratios in the predominant stable isotopes.””"* It will 


be observed that contrary to this prediction and others, **°At is the most stable 
isotope. Way tabulates the binding energy of the proton and neutron in the 
astatine isotopes.” 

The variation of the disintegration energy of the active astatine isotopes 
with the mass number is in excellent agreement with what is known of the 
other heavy elements. Thus the curve shows the usua! sudden change ata 
neutron number (A -Z) of 126, arising from the abrupt change in nuclear radius 
corresponding with the completion of a nuclear shell.*°%** 

The disintegration energy falls from **At to a minimum value at **At, 
whence it rises abruptly after 7**At, reaching a maximum value at the unknown, 
but very probably short-lived, 41340. ‘Thereafter it falls steadily until B”- 
instability dominates the decay process beyond ***At.*°7*°? A plot of the a- 
disintegration energy versus the half-life for the astatine isotopes yields the 
usual smooth curve.°*** 


BIOLOGICAL BEHAVIOUR OF ASTATINE. 


Very shortly after the discovery of astatine Hamilton began to study its 
biological behaviour. it is, perhaps, surprising, in view of the appreciable 


Spitzyn — 


differences in chemical properties between iodine and astatine, that astatine — 


concentrates in the thyroid gland,“*"** though it is not concentrated quite as 


efficiently as iodine by the thyroid gland of the rat or guinea pig.*°*"°* All 
the halogens, except fluorine and the pseudo-halogen,thiocyanate, show this 
property and each can replace the other by a kind of mass action effect.*°’ If 


the iodine is replaced in this way thyroid hyperplasia will result. Hamilton © 
and his collaborators have made an exteusive study of the effects of **Atin-— 


jection into various animals, including human beings, with a view to its pos- 
sible application in clinical treatment.°'° : 
astatine, 74*At, has been described by Kramer.**”*** 


REVIEWS 


Numerous reviews of different aspects of astatine have appeared.**°**” 


Many of these have only ephemeral interest, but two that are especially useful — 
from the chemical point of view are those by Emeleus**’ and Haissinsky.** 
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SECTION XLV 


THE HALOGEN PRODUCTS OF THE 
FISSION OF THE HEAVY ELEMENTS 


By G.R. MARTIN 


Bromine and iodine are the only halogens which are found to a significant 
-extent amongst the products of the nuclear fission of the heavy elements; 
these two halogens, however, occur in substantial yields in almost all the 
cases so far examined. In fact, within a few weeks of the announcement of 
the discovery of fission by Hahn and Strassmann’, it had been demonstrated 
by Abelson and, independently, by Feather and Bretscher that the X-radiation 
emitted by the 3-day activity present in the ‘eka-platinun’ fraction of the 
‘transuranic elements’ formed in the neutron irradiation of uranium, and pre- 
viously attributed to the L X-rays of a transuranic element, was actually the 
K X-radiation of iodine. This was shown, in the first place, by critical 
absorption studies, but the same authors also showed that the 3-day body 
followed the chemical reactions of tellurium, whilst its 2-5 hour daughter was 
carried quantitatively on silver iodide precipitates. Bretscher and Cook also 
demonstrated that these radioactive halogen nuclides could be collected ona 
plate held near a neutron-irradiated layer of uranium, utilizing the energetic 
recoil to which, as products of so exoergic a reaction, they were subject.7°"" 

Isotopes of iodine and, to a lesser extent, of bromine played a prominent 
part in the early investigations of the fission of uranium and thorium, largely 
because these two elements were obtained in comparatively high yields and 
could be so easily isolated chemically and purified; a number of radioactive 
isotopes of bromine and iodine were thus soon recognized as members of the 
decay chains which result from the fission process. Furthermore, the ease of 
purification and the sensitivity of detection of the radio-isotopes of iodine in 
particular has led to their use by several workers as a test for fissionability.%” 
On the other hand, it may be noted that the variable valency of the halogens, 
and the absence of any rapid isotopic exchange process between certain of the 
valency states, makes quantitative work with these substances rather slower 
and more difficult than was at one time thought. On account of this difficulty 
of ensuring complete isotopic exchange between the active material (which 
may be formed originally in any of its possible valency states) and the added 
‘carrier’, some of the earlier attempts at quantitative work on yields of the 
various halogen nuclides in fission have been called into question by later 
workers .°977°s'? 

The products of the fission of uranium, thorium and plutonium at moderate 
excitation energies tend to be ‘neutron excess’ nuclides, and therefore to 
decay predominantly by the emission of negative [P-particles. With some 
lighter elements (lead and bismuth, for example) in which fission can be in- 
duced only by bombardment with particles of very high energy, no such genera- 
lization can be made; in these cases it appears that fission occurs only after 


the ‘evaporation’ of a substantial number of neutrons (thus increasing the — 


‘fissionability parameter’, Z*/A, but decreasing the neutron/proton ratio), and 
the neutron excess of the ensuing fission products is by no means so marked. 
In such cases, a number of B-active bromine isotopes are found, but the iodine 
isotopes tend to be on the neutron-deficient side of stability, and thus to reach 
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a stable product through the emission of positrons or through A-electron 
capture.*77°#475 Tables I and II list the isotopes of bromine and iodine known 
to be produced in fission, with brief data on their nuclear properties and 
genetical relationships. 


TABLE I.- BROMINE ISOTOPES FORMED IN FISSION 


References* to 
identification as 
fission product; 
genetic relation- 
ships, etc. 


Radia- 


fone Daughter nuclide 


Half-life Parent nuclide 


6-5 x 104 yr. 7Se 
‘eT. min. ®4™Se 
17 min. *4Se 
shielded nuclide 
ion sec. §3™Se 
25 min. *3Se 
~2 min. *4Se stable *4kr 
either primary te hr. *5™kr (80%) 
fission pro- 9.4 yr. ®5Kr (20%) 
ducts or formed (ens ®Kr+n(3%)| 
from very short 78 min. ®*7Kr (~97%) 
lived selenium 9.8 br. Kr. 


parents. 
ee hr. *Kr+n 
2-6 min, ®°Kr 


stable 
stable 
36-0 hr. 
2-4 hr. 


33 min. 


stable **Kr 
stable ®*kr 


12,16 
12,17-24,27 


19,23,25,26,28 
18,28,29 


3-0 min. 


18,29-33 


55°6 sec. 


15-5 sec. 29 


29,3 1-33 


4-51 sec. 


* References to other aspects of work with these nuclides, and more detailed informa- 
tion about radiation characteristics will be fouhd in Section XXXIX (page 963). 

I Presumed product of 6-decay of known isobaric selenium fission product. 

+ Fither ®**Br is very short-lived, or the stable **kr is formed directly as a primary 


fission product, , 
§ The parentheses indicate that the mass assignment is not certain, 


ASSIGNMENT OF NUCLEAR MASSES 


Many of the nuclides involved are known to be formed in other nuclear 
reactions, and there is then usually little difficulty in making mass assign- 
ments by conventional means. In some cases this is not possible, and the 
assignment of a mass number to a particular activity must be made by methods 
such as the following which are, to some extent, peculiar to fission product 
studies. | 
(a) By observation of the growth and decay of the activities of the halogens 
and of the neighbouring nuclides genetically related to them, it is possible to 
make fairly unequivocal assignments to radioactive decay chains. The decay 
processes involved in fission product transformations (if one excludes the 
rather rare branching mode of decay involving the spontaneous emission of a 
neutron) do not give rise to any change of mass number, and the identification 
of any one member of the chain establishes the mass assignment of the chain 
as a whole. For example, the identification of the 22 hr. iodine as the pro- 
genitor of the 5-3 d. ***Xe (which can be prepared by a number of alternative 
routes) enables this iodine isotope (and its 60 min. tellurium precursor) to be 
assigned to this mass number.7%9792485'52 Such identifications can often be 
greatly facilitated by mass-spectrographic separation of the material (or of 
something genetically related thereto) prior to radiochemical examination.****55 
(b) In general, the fission of a given nuclide under given conditions (e.g. 
851 with thermal neutrons) gives for the products a smooth relationship be- 
tween mass number and yield. Provided the yield can be measured, it usually 
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TABLE II,- IODINE ISOTOPES FORMED IN FISSION 


References* to 
identification as 
Parent nuclide Daughter nuclide a fission product, 
genetic relation- 
ships, etc. 

K gt \Primary products of 
high energy fission 
OME Calpe tet a ee os: stable 45Te 13,14,15 

|\Not found in fission 
13-0 d. | B,y  |/at moderate energie stable ##6Xe 
127m 
stable : one ais ¥ t 


129 
72 min. Te stable Xe 34,35,36 


107 yr. 

30 hr. *3*™ Te 12 diet Xe(17,) 
804d. | BY N55 min, Te \stable Xe (99%) Aes 
2A-br. 5 (Biy 407 bret4Te stable #*?Xe 2,3,4,12,37,39,46 

2°30,d:3" Xe 

in. 133 

22ns B,y |60 min. **°Te eee Houike 27,37,39-46 

51 min, B.y 43 min. °*Te stable 334Xe 27,37,39,45,46 
| | 15 min, #35" Xe (~10%) 
9. 2hr. 35Xe(~90%) 9,40-42,47-49 
86 sec.| B,y fission products stable 43°Xe 18,50 
stable #*°Xe+n (6%) 5 
3-9 min. 437Xe (94%) gg 
5-9 sec.| 6 very short lived 17 min. 1°*Xe 29 
27sec.) 6  |/ tellurium parents. 41 sec. 48°Xe 29 


stable }2*Te 


1-72 320.27" Te 
x Buy { 2 


67hr. | B.y |) either primary { 


22 sec.| B,n or formed from { 


* References to other aspects of work *with these nuclides, and more detailed informa- 
tion about radiation characteristics, will be found’in Section XXXIX (page 963). 

I Presumed product of S-decay of known isobaric tellurium fission product. 
1281 and +%°J (which have not been reported in fission) are shielded by stable ***Te and 
139Te, respectively. 


enables the mass number of the product to be fixed, at the worst within about 
2 mass units, if not quite certainly. This is especially a valuable method for 
the halogens, since Thode and his collaborators have made accurate measure- 
ments of the yields of the stable (or long-lived) krypton and xenon isotopes 
into which a number of bromine and iodine fission products decay; in this 
way, for example, the 54 min. iodine has been assigned*®* to mass 134. 

(c) Considerations of conservation of momentum in the process of fission 
dictate a relationship between the distribution of mass between the two frag- 
ments and the distribution between them of the available kinetic energy. As 
is to be expected, this leads to a more or less smooth relationship between 
mass number and range of the fragment and, although in practice this is some- 
what blurred by the straggling of the range ‘of fragments, it is a useful method 
for making at least rough mass assignments. It has been used especially with 
the short-lived bodies responsible for the emission of the ‘delayed’ neutrons 
in fission (q.v.)°5* but can be quite generally applied.” 


RALF-LIFE DETERMINATION 


For many of the halogen activities involved, the half-lives are of sucha 
magnitude that the normal method of plotting and resolution of decay curves 
can be used. Some ingenuity is frequently needed to obtain measurements on 
one nuclide without the confusion caused by the presence of other (particularly 
isotopic) activities, but this can often be achieved through the judicious 
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timing of irradiations and chemical separations, or by the measurement of 
decay curves through suitable absorbing screens.*” 

_ The half-life of **°I is too long for measurement in this way, and the value 
has been deduced from the disintegration constant obtained by absolute count- 
ing of a sample which was subsequently analyzed volumetrically for total 
iodine and mass-spectrometrically to determine the *°J content.5%* Several 
isotopes of bromine and iodine have half-lives too short for convenient mea- 
surement by the normal plotting of decay curves, although the speed with which 
silver halide precipitations can be made has enabled direct decay measure- 
ments to be made even on the 4-51 sec. bromine isotope tentatively assigned** 
to mass 89. For some of the very short-lived bodies, a method based on the 
subsequent measurement of the amount of suitable longer-lived daughter sub- 
stance retained in silver halide precipitates formed at various times after the 
end of the irradiation has been utilized. Here again the ease and speed with 
which silver halides can be isolated is of great service, although the method 
depends on the assumed constancy of the ‘setting time’ for these precipitates 


and some inaccuracy is introduced by slight variations in the conditions of 
precipitation.?°? 


FISSION YIELDS 


The fission yield for a given nuclide (i.e. the fraction of fissions which 
give rise to it) can be split into two parts: that formed through the decay of 
an earlier member of the same chain, and that formed directly in the fission 
act. (the ‘independent yield’). In practice, it is frequently rather difficult to 
make measurements accurately enough to draw this distinction unless the 
independent yield concerned is a substantial fraction of the total yield and 
the half-lives of the relevant nuclides are suitably related. It is, moreover, 
difficult to distinguish experimentally between the direct production of a 
nuclide in fission and its formation througha short-lived (excited) isomer of 
an earlier member of the decay chain. An example of this state of affairs is 
provided by the discovery of a short-lived (67 sec.) isomeric state of **Se, 
which explains the apparently anomalous independent yield of **Br observed in 
the slow-neutron induced fission of **5U.”? 

Reliable information on independent yields can be obtained for a few 
‘shielded’ nuclides, whose formation through B-decay of an earlier member of 
the decay chain is prevented by intervention of a stable neighbour. Thus **Br, 
which is shielded by the stable "Se, has been found, for example, to be pro- 
duced in the slow-neutron fission of 7*°U in a yield of 3+5 x 10°°%, as against 
an expected value for this mass (deduced from the smoothed curve of yield as 
afunctionof mass number) of 0-3%; the balance is, presumably, made up by 
the formation of the stable **Se, or of a short-lived (and as yet unreported) 
$245,189 Independent yields have also been reported®*™ for **°[ and **]. 

Numerous workers have made measurements of the yields of a number of 
halogen fission products in the course of extensive investigations of the 
yield/mass-number relationships for several fissile materia] s16%2264478084,6175 
Although these relationships are now, in general, well enough established, 
measurements have not been made for all the individual nuclides concerned, 
and even those individual results which are available are subject to a sub- 
stantial uncertainty arising essentially from the errors involved in making the 
necessary absolute measurements of the activities produced. Table III lists 
the percentage yields for the fission chains in which bromine or iodine iso- 
topes appear, taken from the smooth curves of fission yield as a function of 
mass; °47%65%758° the experimental measurements are for the most part in 
agreement with these values (within the experimental error), although there 
are a few noteworthy deviations which are commented on on page 1084. 
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TABLE III.- FISSION YIELDS FOR HALOGEN CHAINS®*75%55,74,75,77 


Known members Cumulative yields | Measured yields of 
of decay chain. from smoothed curve nelonee members 
5U fission 


Se-eBr . re 
m 
mn Se-eBr . . se 


Se *Br-eKr ° 3-5 x 1075 


es Br-eKr™-Kr ; 0-48, 0-25 


Soaks . 0-65 
Brey myRb 


4 nN 
BrKr-eRb-eSr 
Br-eKr-e-Rb-»Sr 

o2 nt 
Br-eKr-eRb--Sr-- Y 

Tem 
a 
Sbare~ ! 


Tem 
a; 
Sb “ute 


ee AXS 
SheTe-I--Xe . . 4.9 
Te-e]--Xe--Cs . : 4-6, 368, 5-2 
Te-I--Xe . | 507, 78 


ake” 5:6, 463 
1 woS-Ba : ©: ph OF ar he 
I-Xe *Cs-Ba ; : 3-1 


n am 


Execs 


I-Xe-Cs-Ba 
I-Xe-Cs-Ba-La 


wieXe 
oe rn: : 2-8, 1-7, 3-0 


Stable nuclides are italicized; shielded nuclides are indicated by an 

- asterisk. Independent yields of the order 1% have been reported for 
the nuclides ***1 and **1,°* In this region the yield curve is ap- 
preciably distorted by ‘closed shell’ influences, and the values de- 
duced from the smoothed curve are probably too low. 


Various halogen isotopes have been found as products of the fission of 
uranium or of thorium by protons, deuterons and alpha-particles of moderate 
energies (~5-30 MeV.);*** and it seems probable that the yields in these 
cases, although mostly without experimental confirmation, do not differ greatly 
from those found for the corresponding neutron-induced fissions. 

In the fission of the heavy elements by particles of very high energy 
(~100 Mev.) a yield curve with a single central maximum is found, as men- 
tioned above; Table IV lists the available information on yields in the fission 
of bismuth with deuterons of 190 MeVv.*71415:85.8° 


DELAYED NEUTRON EMISSION AND EVIDENCE 
FOR NUCLEAR SHELL STRUCTURE 


Shortly after the discovery®”’ of the existence of ‘secondary’ neutrons as 
products of the fission of **°U, it was noticed that some of these secondary 
particles were emitted not instantaneously (as most were) but only after a 
measurable delay.°%***%° The time-distribution of these delayed neutrons 
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TABLE IV.+ YIELDS OF HALOGENS IN FISSION OF 
BISMUTH BY 190 Mey, DEUTERONS.}5 


Predicted 


Mass Measured Total yield 
number. found 
for chain.+ 


primary | yield Product | yield 
product % %. 
3-0 * 


Se, Br Br 1-04 


Br Br 
Br, Kr Rb 
Kr 


(stable) 
Te, I 


I* 

Sb (60 d.) 
| I 
I* 


* Shielded nuclides. 

+t Probably underestimated, since *°1 is now known. to 
decay partly by orbital electron capture. 
Possibly low on account of chemical difficulties. 
This total necessarily omits the contribution from stable 
nuclides formed directly in fission. 


TABLE V.- DELAYED NEUTRONS EMITTED IN FISSION 


Range of Neutron Yields relative to 4-51 
fragment in energy | sec. activity 


Assignment aluminium (kev.) - | thermal neutron | 14 Mev neutron| 


of activity | (mg./cm?). | 
OEE 


55-6 sec.| °’Br 3-98 + 0-06 
22-0 sec.| 7°71 3-21 + 0-04 
4.51 sec.| (9) pr | 4.05 + 0.03 
1-52 sec.| mass 129-135] 3-63 +0.12 


Delayed neutrons as percentage of tota | 0-76 [0-388 | 


can be represented by the sum of five exponentially decaying neutron activi- 
ties, whose half-lives and neutron yields are shown in Table V.*?°*?* There 
is some indication of a shorter-lived activity (half-life about 6 msec. }3?77°°"" 
and evidence for several longerelived activities (3 min., 12min. and 120 min.); 
comparatively little is known about the latter, and their relative intensities 
are, in any case, very small (respectively 3x 10°, 1 x 10°? and 5 x 10°’ of the 
55-6 sec. activity).*° } 

Three of these neutron activities have half-lives identical, within the 
experimental errors, with those of three of the halogen fission products (*’Br, 
55*6 sec; *°7I, 22-0 sec; and (89) Br. 4-51 sec.) and the phenomenon may con- 
veniently be discussed here. The identity suggested by this correspondence 
between the respective half-lives has been confirmed by chemical separations: 
the 55-6 sec. and 4-5lsec. activities do, in fact, follow the chemistry of 
bromine whilst the 22-C sec. activity has been shown to arise from an iso- 
tope of iodine .°¥**5%*°%'°S = The remaining two substantial contributors to the 
delayed neutron activity have not yet been identified, and the shortness of 
their half-lives would certainly make chemical identification difficult. Con- 
sideration of the range of the neutron-emitting fission fragments strongly 
suggests, however, that the 1:52 sec. body has a mass number in the range 
129 to PAST Ad de 

The assignments of the 55-6 sec. and 22 sec. activities provide interesting 
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evidence in support of the theory which postulates the existence within the 
nucleus of completed ‘shells’ at neutron (or proton) numbers 50 and 82, two of 
the so-called ‘magic numbers’.*% It is suggested that the first additional. 
neutron beyond these closed shells is bound abnormally loosely, with the 
result that neutron emission from nuclei with N = 51 or 83 occurs at compara- 
tively low levels of excitation. °’Br and **7I, on undergoing B-decay, give 
rise to *’Kr and **’Xe respectively (both nuclei then having one neutron in 
excess of the respective complete shells), and it appears that some of the 
disintegrations lead to an excited state from which neutron emission (involving 
no potential barrier restrictions) occurs virtually instantaneously. The neutron 
emission is thus actually from an excited state of the daughter substance, 
87™Kr or **7™Xe, but the half lives of these states are so short that the neutron 
emission appears to be associated with their 55-6 sec. ®’Br or 22 sec. **7I pre- 
cursors. The proposed decay schemes are shown in Fig. I.*4*°? The yields 
of delayed neutrons are substantially smaller than the fission yields for the 
chains concerned, and it is to be supposed that only a comparatively small 


fraction of the B-disintegrations leads to the neutron-emitting excited levels 


concerned. 


Br 87 (1'37) 56s (23s) 
1-3 % (3-9 %) 
ita Ne 
Kr87 (xe nf 
75 m (38 m) 


6 
il 
Rb 87 (Cs 137 ) M y (33y) 
NEUTRON 
EMISSION A 
Stable 
Sr 27 (Ba 137 ) 
Kr 86 (xe 3°) Stable 


Fig. I. Decay scheme proposed to account for the 56 
sec. and 23 sec. delayed neutron activities. Neutron 
emission is assumed to follow virtually instantaneously 
upon the -transition.*4"°% The scheme proposed for 
the 23 sec. **7I is shown in parentheses. 


The spontaneous emission of delayed neutrons from fission fragments must 
produce some distortion of the otherwise generally smooth mass/yield curve, 
although this is a relatively minor effect. More significant is the apparent 
preference in the act of fission itself for the formation of ‘closed shell’ nuclei. 
*88Xe, for example, has been shown to be formed to the extent of 1-25 times the 
yields to be expected from the smoothed yield curve; it seems clear that 
this must represent an especially favoured mode of fission (presumably the 
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primary product concerned is *3’Sb, with N=82), since it has been demonstrated 
that there is a corresponding anomaly in the region of masses (98—100) which 
would correspond to the fragment conjugate to one with mass 133. There is 
no other apparent explanation for the anomaly in the region of mass 100, and 
it must be regarded as strong evidence that this preference for the 82 neutron 
shell in the heavy fragment occurs actually in the initial act of fission rather 
than during evaporation processes subsequent to the primary split.‘°7 Simi- 
larly, ***Xe appears in the slow neutron fission of 7*5U with a yield about 1+35 
times that expected, presumably on account of the especially favoured pro- 
duction of *$$Te (also with N = 82) as a primary fission product. *°°I (with 
N = 83) is, on the other hand, formed with a yield substantially lower than 
that expected.*° 


RADIOCHEMICAL PROCEDURES 


Bromine and iodine, after conversion to the elementary form, can both be 
extracted from aqueous solution by distillation or by solvent partition, and the 
main chemical problem is to ensure that the active material is fully equili~ 
brated with the added inactive carrier material before the extraction is per- 
formed. After extraction, further purification from non-halogen activities can 
easily be achieved by a succession of oxidation-reduction cycles, and bromine 
can be separated from iodine by utilizing the fact that iodide is oxidized by 
nitrous acid to elementary iodine whereas bromide is not affected. Alterna- 
tively, use can be made of the fact that hydroxylamine hydrochloride will 
reduce bromine to bromide without reducing iodine. 

With neither element is there any appreciable exchange between the ‘re- 
duced’ forms (X’, OX’ or X,) and the more highly oxidized forms (XO,', XO,’), 
and some inaccuracy was probably introduced into earlier work by failure to 
ensure the recovery of material from the 5- or 7-valent conditions. For 
iodine, the most reliable method appears to be that involving the addition of 
iodide as carrier, followed by oxidation with alkaline hypochlorite; this 
reagent converts all the iodine into periodate, which can then, after acidifica- 
tion, be reduced by hydroxylamine hydrochloride to elementary iodine which 
is extracted and converted into a form suitable for measurement. Any bromine 
present is oxidized to bromate, which is reduced by hydroxylamine to bromide, 
extractable only after subsequent oxidation by, for example, permanganate; 
a clear separation of bromine and iodine activities can thus be achieved ina 
reliable quantitative manner.*%**°%'°9 Bromine, giving no stable ions con- 
taining the 7-valent element, poses fewer problems; it appears to be adequate 
to add bromate as carrier, followed by reduction to bromide and oxidation to 
elementary bromine for extraction.**°"** When the fission products are formed 
in uranium metal, it may be assumed that they are necessarily present in the 
‘reduced’ state, and a less involved procedure can be adopted.*** 

The bromine and iodine isotopes formed through the B-decay of selenium 
and tellurium will appear in various valency states, depending on the nature of 
the medium in which the disintegration occurs, the type ahd energy of the 
radiations involved, and the initial chemical form of the selenium or tel- 
lurium.*°9'45447_ The problems of ‘hot-atom chemistry’ here involved are dis- 
cussed in Section XLVII (see page 1106). 


THE LONG-LIVED '°7 


It had long been suspected, on account of the apparent absence of any 
activity assignable to this nuclide, that ‘?°I would be a long-lived B-emitting 
substance. Natural iodine was known to contain less than 3 p.p.m. of this 
isotope,'****® which would argue against its half-life being greater than about 
2 x 10° years; on the other hand, whilst **°Sb and **°Te were well-authenti- 
cated Beactive fission products, a mass-spectrometric examination of the 
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stable xenons formed in fission failed to disclose any ***Xe,** suggesting that 
the half-life of *7°I was nevertheless very long compared with the period (about 
1 year) which had elapsed between the irradiation of the uranium and the ex- 
traction of the xenon fission products from it. 

An early investigation of a sample of fission product iodine (initially con- 
taining 40 curies of ***I) disclosed a small residual activity, the amount of 
which would have corresponded to a half-life of about 3 x 10° years for ‘I if 
.this was in fact responsible; probably, however, the counting apparatus used 
for this work would in any case have failed to detect the soft B-particles now 
known to be emitted by this isotope.** Later, Katcoff, using a radioactivation 
method of detection, demonstrated the presence of *I in fission product 
iodine, and estimated the half-life to be about 4 x 10° years. Further work 
has established a value of (1-72 +0-09) x 10’ years, and has resulted in the 
characterization of the radiations from this isotope.***® | 

It has been suggested that the radioactive decay of this nuclide may be 
responsible for the anomalous abundance of *?*Xe, which is one of the few 
exceptions to the empirical rule requiring the abundance of an odd-mass iso- 
tope to be less than that of either of its even-mass neighbours.*®”° With a 
few further plausible assumptions, it has been deduced that the interval be- 
tween the formation of the elements (when ‘*°I might be expected to have been 
roughly as abundant as the stable *?7I) and the formation of a stable atmos- 
phere on the earth, is about 2-7 x 10° years. Suess and Brown have suggested 
that this interval should be increased to about 4 x 10° years, and have further 
pointed out that the basis of the whole calculation is rendered uncertain by the 
fact that the even-mass neighbours of the are both to some extent ‘shielded’ 
by the stable nuclides ‘Te and **°Te. The anomalous abundance of “Xe 


may be, in part at least, a result of abnormally low abundances for 128Ye and 
130v 121 
e. 


1297 is the longest-lived isotope so far identified in fission, and can be 
obtained in substantial quantities. This availability has facilitated the deter- 
mination of various nuclear physical properties: the slow neutron capture 
cross-section (8 x 10°% cm.*);544?? the nuclear spin (%4);'777** the nuclear 
quadrupole moment (~0-47 x 10°%* cm.*);*7**#6 and the nuclear magnetic moment 
(2.6173 + 0-0003 jy).224?? 


Re ferences 


Note. The following abbreviations, relating mainly to 
U.S. Atomic Energy Commission Reports, are employed: 


AECD Atomic Energy Commission Declassified 
ANL- Argonne National Laboratory 

BNL Brookhaven National Laboratory 

Ce Chicago Chemistry 

LADC Los Alamos Declassified 

MDDC Manhattan District Declassified 


NNES National Nuclear Energy Series (Vol. 9, Division 4, ‘Radio- 
chemical Studies: The Fission Products’ Edited by C.D. Coryell 
and N. Sugarman, New York, 1951.) 


NSA Nuclear Science Abstracts 
ORNL Oak Ridge National Laboratory. 


I Hahn, O. &Strassmann, F., Naturwiss., 1939,27,11-15. (33,3684) 
2 Abelson, P.H., Phys. Rev., 1939,55,418. (33,2800) 
3 Feather, N.& Bretscher, E., Nature, 1939,143,516. (33,4870) 


4 Bretscher, E.& Cook, L. G., Nature, 1939,143,559-60. (33,4869) 


Sean: — 


45 FISSION ISOTOPES 


5 Hahn, O, &Strassmann, F., Naturwiss., 1939,27,451-3. 

Hahn, O., Strassmann, F.& Fliigge, S., Naturwiss., 1939,27,544-7. 
6 Libby, W.F., Phys. Rev., 1939,55, 1269. 
7 Broda, E, & Wright, P.K., Nature, 1946,138,871. 

Broda, E., British At. Energy Rep., Br-506, 1944, 


8 Novey, T. B., Sullivan, W. H., Coryell, C. D., Newton, A.S., Sleight, N. R. 


& Johnson, O., N.N.E.S. _ iv.9, 958-75. 
9 Katcoff, S., Dillard, Cor. Finston, H., Finkle, B., Seiler, J. A. & 
Sugarman, N., N.N.E.S., iv,9,1005-14. 
10 Glendenin, L. E., Metcalf, R. P., Novey, T. B.& Coryell, C.D., 
N.N.E.S., iv,9, 1629-34, 
II Glendenin, L, E.& Metcalf, R.P., N.N.E.S., iv,9, 1625-8, 
12 Perlman, I., Goeckermann, R.H., Templeton, D.H.& Howland, J. J., 
Phys. Rev., 1947,72,352. 
13 Goeckermann, R. H.,& Perlman, I., Phys. Rev., 1948,73, 1127-8, 
14 Goeckermann, R.H. &Perlman, I., BNL-C-9, 1949, 12-42, 
15 Goeckermann, R.H. & Perlman, I., Phys. Rev., 1949, 716, 628-37, 
16 Feldman, M. H., Glendenin, L. E. & Edwards, Rake. N. N. E.S., iv,9,598. 
17 Langsdorf, ae & Segre, E., Phys. Rev., 1940, 57, 105-10. 
18 Strassmann, F. & Hahn, O. , Naturwiss., 1940 28, 817-20. 
19 Edwards, R. R., Gest, E. & Davies, Ls i. - N.N.E.S., iv,9,237-253. 
20 Katcoff, S., Finkle, B. & Sugarman, N., V.N.£.S., iv,9,59 1-592. 
21 Snell, A.H., Phys. Rev., 1937,52, 1007-22, 
22 Arnold, J. R.& Sugarman, N., J. Chem. Phys., 1947,15, 703-12. 
23 Moussa, A. & Goldstein, L., Phys. Rev., 1941,60,534-5. 
Moussa, A. & Goldstein, Ls Compt. Rend., 1941,212,986-8. 
24 Katcoff, S., Miskel, J. A. & Stanley, C.W., "Phys. Ree. ., 1948, 74,631-8. 
Katcoff, ai AECD,1795; 1874, 
25 Dodson, RK. W. & Fowler, R.D., Phys. Rev., 1939,35,880. 
26 Katcoff, S., Finkle, B. & Sugarman, N., N.N.E.S., iv,9,587-90. 
27 Thibaud, J.& Moussa, A., Compt. Rend., 1939,208,652-4. 
Thibaud, J. & Moussa, A., J. de Phys., 1939, 10, 388-90. 
28 Seelmann-Egge bert, W. & Born, H.J., Naturwiss. , 1943,31,59-62. 
Born, H.J. & Seelmann-Eggebert, W., Naturwiss., 1943,31,86-9. 
29 Sugarman, N., J. Chem. Phys., 1949, ‘17, 11-25. 
30 Booth, E. T. Dunning, J. R. & Slack, F.G., Phys. Rev., 1939,35,876. 


31 Levinger, Je oo Meiners, E.P. Sampson, M. B., Snell, A. H. & Wilkinson, 


eG N.N.E.S., iv,9,603-9. 
32 Hughes, D.J., Dobbs, J., Cahn, A. & Hall, De Phys. Rev. be 1948, 73,111. 
33.Sugarman, N., J. Chen, Phys. ., 1947,15, 544-51, 
34 Katcoff, S., Phys. Rev., 1947,71, 826. 

35 Parker, G. W., Creek, G.E., Hebert, G. M., Lantz, P. M.& Martin, W.J., 
ORNL, 286. 
36 Katcoff, S., Schaeffer, O. A. & Hastings, J.M., Phys. Rev., 

37 Abelson, P.H., Phys. Rev., 1939,55,670; 56,1-9. 

38 Brosi, A. R., De Witt, T. W.& Zeldes, H., Phys. Rev., 1949,73, 1615-6. 
39 Hahn, O.&Strassmann, F., Naturwiss., 1939,27,529-34. 

40 Segre, E. & Wu, C.S., Phys. Rev., 1940,57,552. 

41 Dodson, R.W. & Fowler, R.D., Phys. Rev., 1940,57,966-71. 

42 Wu, C.S.& Segre, E., Phys. Rev., 1945,67,142-9. 


43 Ketelle, B.H., Brosi, A.R.& Zeldes, H., Phys. Rev., 1950,80,485-6. 


1951,82,688. 
(33,4124; 6713) 


1089 


(33,8107) 
(33,9916) 
(33,6147) 
(41,1929) 


(46,6956) 
(46,6958) 


(47,12023) 
(47, 10364) 


(41,7250) 
(42,4842) 


(43,8855) 
(47,9803) 
(34,2249) 
(35,4676) 
(47,5815) 
(46,6958) 
(32,1569) 
(42, 451) 
(35,7825) 
(36,6077) 
(42,8077) 


(33,5284) 
(46,6957) 
(33,3255) 
(33,9115) 
(37,5313) 
(37,4008) 
(43,2861) 
(33,5282) 


(42,1813) 
(41,7249) 
(41,4709) 


(45,6503) 


(43,5296) 
(33,9121) 
(34,3585) 
(34,5746) 
(39,2452) 
(45, 958) 


44 Katcoff, S. & Robinson, W., BNL,1485,1933; Phys. Rev., 1953,91,1458. (47,12027) 


45 Pappas, A.C., Bull. Amer. Phys. Soc., 1950,25,No. 5,11. 


Pappas, A.C. &Coryell, C.D., Bull. Amer. Phys.Soc., 1950,25,No. 5,41. 


46 Polesitzki, A. & Orbeli, M., Compt. Rend., U.R.S.S., 
Polesitzki, A. & Nenierovski, N., Compt. Rend., U.R.S. Day 

47 Glendenin, L.E. & Metcalf, R.P., N.N.E.S., iv,9, 992-1004, 

48 Seelmann-Eggebert, W., Waturiwis ec: 1943, 31, 491-2. 

49 Gotte, H., Naturwiss., 1940,28, 449-50. 

50 Stanley, C. W. & Katcoff, S., J. Cher Phys., 1949,17, 653-8. 
Stanley, C. W. & Katcoff, S., Chem. Eng., 1948,55, ‘No. 7,266. 

51 Wu, C.S., Phys. Rev., 1940, 58,926, 

52 Seelmann-Eggebert, W., Noturwiss. ., 1940,28,451-5. 

53 Koch, J., Kofoed-Hansen, O., Kristensen, ‘-, ‘& Drost-Hansen, W., 

Phys. Rev., 1949,76,279-82. 

Thulin, S., Bergstrom, I, & Hedgran, A., Phys. Rev., 1949, 16, 871-2. 


1940 ,28,215-6. 


(35,2788) 


1940 ,28, 217-8. (35,2788) 
(47,12023) 


(38,3545) 
(35,3161) 
(43,8872) 


(35, 974) 
(35,3162) 


(43,8267) 
(44, 452) 


1090 RADIOCHEMISTRY 


54 Thode, H. G. & Graham, R.L., Canad. J. Res., 1947,A25, 1-14. 
55 Yaffe, L. & Mackintosh, C. E., Canad. J.Res., 1947,B25,371-5. 


56 Campbell, E.C., Good, W. M. &Strauser, W.A., AECD,2341(NSA, 1, 1632). 


57 Sullivan, W. H., Johnson, O. & Nottorf, R., N.N.E.S., iv,9,984-991. 
58 Leader, G.R. & Sullivan, W.H., N.N. E 5., iv,9, 1023-7. 
59 Sugarman, N., BNL-C-9, 1949 ,52-66. 
60 Glendenin, L.E., The Distribution of Nuclear Charge in Fission, 
Ph, D. thesis, Massachusetts Inst. Tech., 1949, 
61 Pappas, A.C.&Coryell, C.D., Phys. Rev., 1951,81,329. 
62 Anderson, H.L., Fermi, E.& Grosse, A. V., Phys. Rev., 1941,59,52-6, 
63 Coryell, C. D.,& Brady, E.L., CC, 258, 1942. 
64 Grummitt, W. E.& Wilkinson, G., Canadian At. Energy Rept., CRC,470. 
65 Grummitt, W. E. & Wilkinson, G., Nature, 1946,158,163. 
66 Grummitt, W. E. & Wilkinson, G., Nature, 1948,161,520. 
67 Thode, H.G., Nucleonics, 1948,3,No. 3,14-24. 


Macnamara, J., Collins, C. B. & Thode, H.G,, Phys. Rev., 1950,78,129. 


68 Turkevitch, A. & Niday, J. B., Phys. Rev., 
Niday, J. B. & Turkevitch, A., AECD,2862, 


1951,84,52-60. 


69 Steinberg, E.P., Seiler, J. A., Goldstein, A. & Dudley, A., MDDC,1632. 


70 Steinberg, E.P. & Freedman, M. Soy NWN. E. S., iv,9,13'78-90. 
71 Finkle, B., Hoagland, E. J., Katcoff, S. & Sugarman, N., N.N.E.S., 
iv,9,1368-1371. 
72 Schuman, R. P. & Steinberg, E. P.,N.N.E.S., iv,9,1362-3. 
73 Englekemeir, D. W., Seiler, J. A., Steinberg, E.P.& Winsberg, L., 
N.N.E.S., iv.9,13545. 
iv,9,1372-4. 


74 Idem NN EO ss 


45. 


(41,2984) 
(42, 452) 


(46,3418) 
(46 ,6948) 
(35,1311) 


(40,6338) 
(42,6646) 
(42,8609) 
(44,6738) 
(46, 360) 


(47,6790) 


(46,6961) 
(46,6961) 


75 Katcoff, S., Finkle, B., Hoagland, E. J., Sugarman, N., Glendenin, L. FE. & 


Metcalf, R.P., N.N.E.S., iv,9,982-3. 

76 Siegel, J.M., Rev. Mod. Phys., 1946,18,513-44; J.A.C.S., 
77 Brightsen, R. A., Bernier, FE. L. Pappas, A; C, & Sakakura, A. Yi, 

NIN. BxoselVs 9, 1993-2068. 
78 Introduction to Part V., Radioactivity of the Fission Products, 

N.N.E.S., iv,9, 519-48, 
79 Way, K.& Dismuke, N., AECD,2817; ORNL,280. 
80 Engelkemeir, D. W., Freedman, M.S., Steinberg, E. P., Seiler, J. A. & 
Winsberg, Li AW L 4927, (1952). 

81 Dessauer, G. & Hafner, E.M., Phys. Rev., 1941, 59, 840-1, 
82 Fermi, E. & Segre, E., Phys. Rev., 1941, 59, 680-1. 
83 Gant, D. Hoe & Krishnan, Reo.; Proc. Roy. Soc., 1941,A178, 474-92. 
84. Newton, A.S., Phys. Rev., 1949,75,17-29. 
85 Sugarman, N., Phys. Rev., 1950,79,532-3. 
86 O’Connor, P. R. & Seabore, G.T., Phys. Rev., 1948,74,1189-90, 


(46,6958) 


1946,68, 2411. (41,2640) 


(35,4676) 
(35,3896) 
(36, 27) 
(43,4127) 
(44,9266) 
(43, 488) 


87 v. Halban, H., Joliot, F. & Kowarski, L.,' Nature, 1939,143,470; 680.(33,4508;5285) 


88 Roberts, R. B., Meyer, R.C.& Wang, P., Phys. Rev., 1939,55,510-1. 
89 Roberts, R. B., Hafstad, L. R., Meyer, R. C. & Wang, P., Phys. Rev., 
1939,55, 664. 

90 Bostrom, K. J., Koch, J. & Lauritsen, T., Nature, 1939,144,830-1. 

91 Williams, R.R., Phys. Rev., 1947,71,560. 

92 Snell, A. H., Nedzel, V.A., Ibser, H. W., 
& Sampson, M.B., Phys. Rev,, 1947,72,541-4. 

93 Redman, W. C. &Saxon, D., Phys. Rev., 1947,72,570-5. 

94 de Hoffmann, F.&Feld, B.T., Phys. Rev., 1947,72,567-9. 

95 de Hoffmann, F., Feld, B. T. &Stein, P.R., Phys. Reo: -, 1948,73,636. 


Levinger, J.S., Wilkinson, R.G. 


(33,3685) 
(33,4123) 
(34,1246) 


(42,1499) 
(42,1500) 


(42,1499) 


(42 ,3664) 


96 de Hoffmann, F., Feld, Banu & Stein, P.R., Pliys, Rev., 1948,74,1330-7. (43, 937) 


97 Creveling, rf G., Hood, J.R.& Pool, M.L., Phys. Rev., 1949,76,946-8. (44, 46) 
98 Sun, K.H., Charpie, Re Aly pPecjakirsaAs Jennings, iB, Nechaj, . F.& 
Allen, A. J., Phys. Rev., 1950,79,3-5. (44,8258) 
99 Sun, K.H., Charpie, R. A., Pecjak, F. A.& Jennings, B., N.S.A., 1950,4,4074, | 
100 de Hoffmann, F. & Way, K., AECD,3153; LADC,921,(1951). 
101 Kunstadter, J. W., Floyd, J. J., Borst, L. B. & Weremchuk, G. J., 
Phys. Rev., 1951,83,235, 
102 Snell, A. H., Levinger,. J.S., Meiners, E. P., Sampson, M.B., 
Wilkinson, R.G., Phys. Rev., 1947, "2, 545-9, (42,1499) 
103 Stehney, A. F., AECD,3047; ANL, AFS, 1,(1950). 
104 Good, W. M., Wollan, E. O. & Strausser, W. A., AECD,1793; AECD,1932,(1947). 
105 Mayer, M.G., Phys. Rev., 1948,74, 235-9, (42,8612) 


45 FISSION ISOTOPES 


106 Thode, H.G., Trans. Roy. Soc. Canada, 1951,45,I, 1-17. 
107 Glendenin, L. E., Steinberg, E.P., Inghram, M. G. & Hess, D.C., 
Phys. Rev., 1951,84,860-1. 
108 Burgus, W. H. & Davies, T.H., N.N.E.S., iv,9,209¢219, 
109 Campbell, G. W. & Brady, E.L., N.N.E.S., iv,9,1623-4. 
110 Brady, E. L. & Campbell, G. W., N.N.E.S., iv, 9, 1449-50. 
111 Stehney, A. F. & Sugarman, N., J.Chem. Phys., 1952,20,629-31, 
112 Glendenin, L. E., Edwards, R.R.& Gest, H., N.N.E.S., iv,9,1451-2, 
Edwards, R.R.& Gest, H., N.N.E.S., iv,9, 1454-5. 
113 Thibaud, J.& Moussa, A., Compt. Rend., 1939,208,744-6. 
114 Katcoff, S., Dillard, C. R., Finston, H.,Seiler, J. A. &Sugarman, N., 
N.N.E.S., iv,9,1635-7. 
115 Williams, R.R., J. Chem. Phys., 1948,16,513-9. 
116 Burgus, W.H., Davies, T. H., Edwards, R.R., Gest, H., Stanley, C. W., 
Williams, R. R.& Coryell, C.D., J. Chim. Phys., 1948,45,165. 
117 Davies, T.H., J. Phys. Coll. Chem., 1948,52,595-603. 
118 Nier, A.O., Phys. Rev., 1937,52,933-7. 
119 Leland, W.T., Phys. Rev., 1949,76,992. 
120 Chackett, K. F.& Martin, G.R., Proc. Phys. Soc., 1948,61,197-8. 
121 Suess, H. E. & Brown, H.C., Phys. Rev., 1951,83,1254-5, 
122 Studier, M.H., AECD,2627; BNL-C-9,89-94,(1949). 
123 Livingston, R., Gilliam, O. KR. & Gordy, W., Phys. Rev., 1949,76,149-50, 
124 Gordy, W., Gilliam, O. R. & Livingston, R., Phys. Rev., 1949,76,443-4, 
125 Hill, R.D., Phys. Rev., 1949,76,998. 
126 Gordy, W., J. Chem. Phys., 1951,19,792-3. 
127 Walchi, H., Livingston, R. & Hebert, G., Phys. Rev., 1951,82,97. 


1091 
(46,9443) 


(46,3414) 


(46,6030) 
(46,6001) 


(46,10925) 


(33 ,3684) 


(46,6959) 
(42 ,4842) 


(43,7332) 
(42,4458) 
(32,2829) 
(44, 47) 
(43,3708) 
(46, 362) 


(43,8879) 
(43,8879) 
(44, 445) 
(45,7834) 
(45,8030) 


SECTION XLVI 
RADIATION CHEMISTRY OF THE HALOGENS. 
By N. MILLER 
The subjéct of ‘Radiation Chemistry’ may be defined as the study of the 
chemical effects produced by ionizing radiation, this being taken to include 


corpuscular radiation having energy sufficient to cause ionization, as well as 
all quanta of magnitude greater than about 50 eV. It is thus to be distingui- 


shed from ‘radiochemistry’, which may be defined as ‘the study of the chemistry | 


of bodies which are detected through their nuclear radiations’, although in the 
past some confusion has existed between the two terms.’ 

The examination of radioactive materials and of the chemical effects of 
their radiations began to interest chemists after Becquerel had accidentally 
discovered the action of y-rays from a salt of uranium on a photographic emul- 
sion in 1896.7 The study of reactions induced by-electric discharges had, 
however, already been pursued to some extent, especially during the 19th. 
century.* During the early years of the 20th. century the two types of applica- 
tion of chemistry to the growing science of nuclear physics were pursued side 
by side, but gradually it became clear that more discoveries of fundamental 
importance to science were to be made at that time in radiochemistry. The 


rapid advances in our knowledge of both chemistry and physics consequent — 


upon the proposal of the nuclear theory of the atom by Rutherford in 1911 trans- 


ferred the interest of most workers to this subject, leaving radiation chemistry — 


as rather an academic backwater. This it remained until the release of mas- 
sive quantities of energy in the form of ionizing radiation became possible, as 
a consequence of the discovery of uranium fission in 1939.* Shortly after this, 
the chemical changes brought about by such large releases of energy in the 
form of ionizing radiation became of great technological importance. In the 
meantime the biological actions of ionizing radiation had been much studied by 
biologists and medical men, and these effects also had become of considerable 
practical significance. The consequence was a new and more determined 
attack on the fundamental principles of the subject in the years immediately 
following the 1939—45 war. 

The pioneer workers in this field, such as the Curies themselves and their 
co-workers, and later Mund and his group at Louvain, Belgium and Lind and 
his school at Minnesota, had rather naturally become somewhat preoccupied 
with the chemical consequences of the most striking property of this type of 
radiation, namely the production of the ions themselves. Nevertheless it was 
clear at the time from studies on the electric discharge in gases that the ions 
produced were in this case accompanied by a considerable degree of electronic 
excitation of the molecules over and above that attributable to the neutral- 
ization of the charged species present.* This was shown most clearly by the 
fact that the energy required to release one ion pair in gases (about 30—35 eV.) 
was found to be considerably greater than the ionization potentials of the 
gases. Moreover, the growing science of photochemistry was revealing that 
species in a state of electronic excitation were of great importance in promot- 
ing chemical reactivity. The fusion of the older and the newer ideas began 
when Eyring, Hirschfelder, and Taylor in 1936° showed that the conversion of 


Refs, p. 1103 1092 


ae ie ee 


46 RADIATION CHEMISTRY 1093 


ortho- to para- hydrogen under the influence of the a-particles from radon, 
which had previously been examined by Capron,’ could be explained with quite 
‘good quantitative agreement on the assumption that half the energy of the a- 
particles was consumed in producing ions and half in forming excited molecules 
which immediately dissociated into atoms. An experimental verification of the 
importance of electronic excitation was later achieved by Smith and Essex, 
who showed that the rate of decomposition of gaseous ammonia by a-rays was 
only slightly affected by the application-of a saturation electric field which 
rapidly removed the ions from the reaction zone.* 

Despite these advances, however, unravelling the detailed mechanism of 
chemical processes induced by ionizing radiation has proved to be a difficult 
matter. The most important cause contributing to this difficulty is the fact that 
the degradation of the energy of the impinging particles or quanta is achieved 
primarily within the electronic shells of the atoms, since the quanta concerned 
have energies far greater than the few eV. associated with chemical binding. 
Thus all atoms within the path of the beam are equally vulnerable to attack, 
irrespective of their states of chemical combination. No sooner does the 
concentration of the product molecule in any given reaction become appreciable 
than it too is attacked, either reversing the original process or promoting 
further consecutive processes. Naturally enough, therefore, modern experiment- 
ation is tending toconcentrate more and more on the initial phases of reactions, 
and on the so-called ‘indirect’ processes in solutions where the concentration 
of solute is so low that it may be assumed that virtually all the energy of the 
radiation is being absorbed by solvent molecules. 

It seems logical, in a modern approach to the radiation chemistry of the 
halogens with which this section is concerned, to begin by studying the elemen- 
tary processes brought about by bombarding these elements, and their simpler 
compounds, with electrons, and thence to proceed to review such work as has 
been carried out on these materials using ionizing radiation. 


ELECTRON IMPACT STUDIES ON THE HALOGENS AND EALOGEN HYDRIDES 


Studies of this type have so far been made only on chlorine, bromine, iodine, 
and hydrogenchloride although reference is made in other work*to some studies 
by Blewett on impure bromine containing hydrogen bromide, leading to the 
conclusion that the chief positively-charged species produced in HBr is HBr*. 


(a), CHLORINE 


Comparatively few electron impact studies have been carried out on chlorine, 
although the existence of chlorine atoms with as many as four positive charges, 
and also of Cl ions arising from electron capture, was demonstrated in an 
electric discharge in chlorine.'° Electron attachment phenomena in this gas 
were further studied by Bradbury"? and by Bailey and Healey.** According to 
the latter workers, attachment was a maximum for electrons of 1-5 volts energy, 
the process concerned being assumed to be Cl, +e —> Cl +Cl. This is 
certainly possible energetically, as the Blection affinity of the chlorine atom 
(3-7V.,°*: 3°76V.,°*) is higher than the dissociation energy of Cl,(~2-8eV.). 
Free chlorine atoms were detected in an electric discharge in chlorine,***® and 
it was shown that their recombination required little activation energy on sur- 
faces of a great many different materials, that on a quartz surface for instance 
having an activation energy of not more than a kilocalorie.*® 

An effect which must be borne in mind in any full interpretation of electron 
impact phenomena in chlorine is the so-called ‘Joshi effect’. This is an ex- 
perimentally observed lowering of the discharge current in an ozonizer discharge 
in chlorine when the chlorine is irradiated with blue or ultra-violet light.*? 
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The effect, which is induced by light of wave-length 4120 — 4960 A.,*® or more 
markedly by light of wave-length 2000 — 4000 A.,*® is also shown, to a diminish- 
ing degree, by bromine?® or iodine” vapour. If the effect is a genuine one 
taking place homogeneously in the gas phase, it must evidently be attributed 
to one or more of the following possible effects of light: (i) a decrease of 
average ionic velocity due to a change in the predominant ionic species pro- 
duced, (ii) an increase in the energy necessary for an electron to form an ion 
pair, (iii) increased recombination of ions, or (iv) a decrease in the number of 
metastable species produced.”? On the other hand, recent work tends to support 
the view that the effect is largely determined by the absorption of activated 
molecules on the walls of the vessel.?%7?# 


(b),. BROMINE 
Positively Charged Species' 

A thorough mass-spectrographic study of electron impact processes in bro- 
mine was made by Blewett.?* The chief species of positive ion were observed 
to be Brt, with an appearance potential of 13-7 + 0-5 V., and Br,*, appearing at 
13-0 + 0-5 V.,in agreement with an earlier measurement which had given 12-8 V. 
for the ionization potential of Br,.** Since the ionization potential of atomic 
bromine had been determined spectroscopically and found to be 11-8V.,?* it 
was evident Dae the Br* arose by the dissociation of the molecule-ion originally 
formed, viz. Br,t -— > Br + Brt, the observed difference in energy between the 
appearance potential Giaber and the ionization potential of Br, 1-9 + 0-5V., 
corresponding to the dissociation energy of the bromine molecule. This figure 
is in good agreement with accepted values for this quantity. Since, however, 
no studies were made of the way in which the relative amounts of the different 
SOG formed varied with pressure, it was impossible to determine whether the 
Br,* was produced ey a pfimary or a secondary process. 

The species Brtt appeared at 39-5 + 1-0V.; if this had been produced by a 
primary process Br,t+ -» Br + Brt*s Blewett pointed out, a study of the 
energetics of this reaction coupled with the known spectroscopic value of the 
ionization potential of Br* of 19+1v.’* would require the assumption that either 
the Br or the Br** were left in an excited state having 6-7 V. excess energy. 


Negatively Charged Species 

These appeared in amounts similar to those of the positive ions. The 
quantity of Br” rose to a maximum at 2-8 V. incident electron energy, and the 
Br ions formed carried 2-3 V. kinetic energy, as was shown by applying a re- 
tarding potential. Hence the electron affinity of the bromine atom could be 
calculated from the cycle: incident election energy (2-8 V.) + electron affinity 
of Br atom = heat of dissociation of Br, (1-9 V.) + kinetic energy of fragments 
(2 x 2-3V.). The resulting value, 3-8 + 0-2V., was in fair agreement with the 
values of 3-77 V.?” and 3-55 V.7® obtained from the Born-Haber cycle (cf. Sher- 
man,*’) and with that of Glockler and Calvin’? (3-8V.), obtained in ‘space 
charge’ experiments. ° 

With incident electrons of energy greater than 2-8 V., the amount of Br fell 
and then commenced to rise again at about 13+7V., the appearance potential of 
Br*t, providing some evidence for the occurrence of the process, Br, —> Br + 
Brt. Under these conditions, Br,” was also formed to a smaller eeean but the 
shapes of the curves of the currents due to Br" and Br, as a function of electron 
energy were sensitive to the experimental conditions, indicating that some — 
space charge effect was operative. 
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Neutral Species 


Atomic bromine was identified spectroscopically by Schwab* in an electric 
discharge in bromine. Recombination of the bromine atoms was found to take 
place at every collision on the wall of the vessel, whether the surface of this 
were of copper, glass or picein wax. 


(c) IODINE. 
Positively Charged Species . 

In 1925 W. A. Noyes, Jr., ‘measured the minimum potential necessary to 
promote a luminous electric discharge in iodine.**. The value obtained, 10-0 + 
0-2V., was in fair agreement with the then current values of the ionization 
potential of the iodine molecule, viz. 10-1,** 9-4,°* and 9.5 v.35 A later mass 
spectrographic study by Hogness and Harkness, °° showed that the species I+ 
and I,* both appeared at 9.3 V., but these values are all in conflict with the 
present accepted figure for the ionization potential of the iodine atom of 10-44 
V., due to Murakawa.*” The discrepancy between Murakawa’s spectroscopic 
figure and those obtained in the mass-spectrographic work needs further experi- 
mental investigation. As the ionization potential of the iodine atom had at 
least been shown to be lower than that of the molecule,** it was evident that 
the I was being produced by dissociation following ionization of the molecule, 
viz. 1, + 1, — I+I*. The ratio of the amounts of the andl formed 
Biaved to be a function of the pressure of the iodine vapour, indicating that a 
secondary es probably It + I, — I,” + I, was also occurring. Smaller 
amounts of I,* were also present, the pressure dependence in this case being 
even greater. This species wes attributed to the process I,*+ +1, ~> I,* +I, 
as the alternative process, la ee el ewas considered too exothermic to 
take place to any extent in the absence of a third body and failed, moreover, 
to explain the greater pressure dependence of I,* formation. 

The species I,++ was detected in small amounts, with an appearance poten- 
tial of 35-0 V., apparently by a primary process, as the pressure dependence 
in this case was small. 


Negatively Charged Species 

The singly charged ion I was found to be produced in amounts similar to 
that of the corresponding positive ion, by a primary process, presumablyI,t+e —> 
I +I. This process is energetically possible, as the electron affinity of the 
iodine atom (~3-2 V.)*° is greater than the dissociation energy of the iodine 
molecule (~1-5V.). In 1925 Mohler had studied the total current due to neg- 
ative ions reaching a fixed cylindrical electrode from a concentric collimated 
beam of electrons in iodine vapour, and found that this was a maximum at zero 
incident electron energy, and increased again at critical potentials of 2-4, 4-6 
and 8-4v.*° This was evidence for the production, by the electron beam, of 
excited iodine molecules having these energies, it being assumed that electrons 
which had been slowed down to a very low energy by the formation of such 
excited species would have a high probability of attachment to further iodine 
molecules. Later the existence of a maximum in negative ion formation at 
2-5 V. electron energy was confirmed,** while Buchdahl found three maxima in 
all, at 0-4, 1-75 and 2-5V., the Hehe of which he attributed to the process 
Ite > I + I” with both atom and ion in the ground state, and the other two 
to electron capture in excited states of the iodine molecule to give the I ton 
in its ground state.‘ , 

I,> and I,- ions were observed by Hogness and Harkness in amounts cor- 
responding to those of the positive ions; the secondary process I + 1, —> 
I,” + I and the tertiary process I,- + 1, + I, + I being supported.*° 
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(d) HYDROGEN CHLORIDE. 


The success of Born’s theory of crystal lattices, by means of which it was 
possible, using simple thermochemical cycles, to compute such quantities as 
the ionization potentials of metal atoms, the electron affinities of halogen 
atoms and the so-called grating energy of ionic crystals, i.e. the energy neces- 
Sary to separate the constituent ions to infinity, had led in the early 1920’s to 
considerable interest in the following cycle: 


Q (HCl) | 
Y(H,) + ¥4(Cl,) (HCl) 


“2D (H,)|+%2D (Cl) X|(HC1) 


I (H) " f 
(H) + (Cl) <—————._ (1°) + (CI’) 
-E (C1) 


Here all the entities are regarded as being ideal gases; Q (HCl) is the 
heat of formation of HCl; X (HCI), the heat of recombination of H* and CI’; 
D (H,) and D (Cl,) are the energies of dissociation of the corresponding mole- 
cules; I (H) is the ionization potential of the hydrogen atom, and E (Cl), the 
electron affinity of the chlorine atom. 

It had been widely assumed that the ionization potential of hydrogen chloride 
gas, as observed in electron impact studies where the product species were not 
identitied, would give an indication of the quantity X (HCI) above;** but it was 
later shown by Barton in the first mass-spectrographic study of HCl that the 
first appearance potential, which he observed at 13-3 + 1:5 V., corresponded to 
that of the HCI* ion; and not that of the H+ and Cl” ions implied in the above 
cycle.** Similar conclusions had been apparent from the absence of hydrogen 
lines in the spectrum of an electric discharge in hydrogen chloride vapour at 
potentials up to 120 V.** and from the observation that the currents of negative 
ions formed by electron impact in this gas were much lower than those of 
positive ions.*° 


Positively Charged Species 

The first thorough study of the products of electron impact in hydrogen 
chloride was due to Nier and Hanson,*® who quoted the following appearance 
potentials; HClt, 12-9 + 0-2V.; in good agreement with the spectroscopic 
value;*? HCl?*, 35-7 + 10 V., H*, 18-6 + 0-3 and 284 + 0-3 v.; Cl*, 17-2 + 
0-5 and 21-2 + 0-5 V.; Cl?t, 45-7 + 0-3 V.; and Cl°+, ~ 160 Vv. Later work by 
Hanson*® included a study of the kinetic energy of the fragments using retard- 
ing potentials, and in particular an examination of the kinetic energy of the H* 
ions produced as a function of the voltage of the incident electrons between 
20 and 120V. When the energy of the electrons exceeded 40V., three peaks 
appeared in the plot of Ht ion current against the kinetic energy of the ions, at 
about 4-8, 6-0 and 8-0 V. kinetic energy. These were attributed to the process 
HCl** —+ Ht + Cl*(3P), the three peaks corresponding to the three J-values 
of the triplet-P state of Cl* formed. By studying the potentials necessary to 
form H’ ions having definite kinetic energy and extrapolating the resulting 
plot to zero kinetic energy, the appearance potential of H* ions having no 
kinetic energy was found to be 18-35 V., somewhat lower than the appearance 
potential recorded in the mass-spectrographic study just described. This 
indicated that in the mass-spectrographic work the H™ ions observed had car- 
ried a small amount of kinetic energy. Attempts to correlate the data on the 
basis of the reaction HC1+ —+ Ht + Cl(*P3,) or (7P1/) led, however, to rather 
too high a value for the dissociation energy of the hydrogen chloride molecule. 
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By continuing the plots of the current due to ions carrying definite kinetic 
energy against the bombarding electron energy up to about 48 V., evidence was 
obtained for a further process corresponding to the second appearance potential 


for H* in the work already quoted, which was interpreted as HCl” -» H™ + Cl* 


(11-6.V.). Further study of the data on the decomposition of HCI led to a 
value of the dissociation energy in the process HCl +n) > H+ Clt of 4-76 Vv. 


Negatively Charged Species 

These have been much less extensively studied. Barton,** Bradbury,*! and 
Nier and Hanson** found that electrons of very low energy could be attached to 
HCl, the consequent process being assumed to be HCl +e ->H+CI, 
singly-charged chlorine ions had been identified by the latter authors in ae 
products. The current due to negative ions was found by Hanson‘*’ to reach a 
peak when bombarding electrons of about 2-5V. were used: by extrapolating’ 
the curve of negative ion current against bombarding electron energy, an onset 
potential of 0-4V. for Cl ions was estimated. This led to a value of the 
electron affinity of the chlorine atom of about 4V., in fair agreement with the 
values cited earlier.***** 


GAS-PRASE STUDIES OF THE RADIATION CHEMISTRY 
OF THE HALOGENS AND HALOGEN HYDRIDES. 


(a) SYNTHESIS OF RYDROGEN CHLORIDE 


The synthesis of hydrogen chloride from the elements is of course well 
known to be initiated by absorption of light of energy sufficient to dissociate 
the Cl, molecule, and to proceed thence by a chain process, the essential 
steps of which are: 


Gly ric ie WOHCT? 40H 
parece ee eer I) + CE] 


with chain termination by the process Cl + Cl -> Cl, at the wall, and some 
inhibition by the process H + HCl —> H, + Cl.*? A similar synthesis can also 
be brought about by all types of ionizing radiation. Although one of the 
earliest experiments to be carried out on the chemical etfects of X-radiation, 
that of von Hemptinne, led to a negative result regarding this reaction, this ee 
largely due to ignorance 1n matters of dosimetry understandable at the time.* 
Somewhat later, positive results were obtained by Jorissen and Ringer using 
radium preparations in an experimental system such that the gaseous mixture 
was irradiated with the B-particles and the y-rays from the preparation but not 
with the a-particles.** Rays from thin-walled bulbs containing radon were 
also shown by Taylor to be effective in promoting this reaction.** Careful 
studies of the reaction using similar alpha-ray sources were made by Porter, 
Bardwell, and Lind,** and the temperature coefficient of the process was found 
by Lind and Livingston to be similar to that of the photochemical process 
us ing light of wavelength 4537 A.** Rodebush and Klingelhoefer showed that 
the reaction could be induced by an electric discharge,**® an observation later 
confirmed by Gtinther and Cohn,** while Gtinther and his colleagues also 
showed that the combination could be induced by X-rays,*° and by a glow 
discharge in nitrogen containing small quantities of the two gases.* 

As might be expected with a chain reaction of this type, having regard also 
to the somewhat primitive state of the science of radiation dosimetry at the 
time, agreement was not good between the quantitative values of the yields 
obtained in different laboratories. Expressing the yields in molecules of HCl 
formed per ion pair produced in the gaseous mixture by alpha-radiation, Taylor 
quoted a value of only 4000,** as compared with the photochemical yield of up 
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to 10° molecules per quantum. Here the number of ion pairs formed by the 
alpha-radiation within the gas mixture was calculated by measuring the re- 
sidual range of the RaC’ particles emerging from the thin-walled radon bulb 
normal to its surface, making corrections for the loss of energy in the wall of 
the bulb by the other particles involved and assuming the energy release per 
unit track length of the alpha-particle to be constant, which is, of course, 
only approximately true.5* Porter et al., however, later showed that in the 
presence of water-vapour, which had not been rigidly excluded in Taylor’s 
work, inhibitors were formed, possibly oxygen and chlorine dioxide; and that, 
by using well dried gases, ion pair yields apparently up to four times the 
quantum yield could be obtained.** The dosimetry in this case was also 
carried out by a procedure similar to that just described. Lind and Living- 
ston found the apparent ion-pair yield very similar to the quantum yield using 
light of wave-length 4537 A. 54 These workers measured the doses administered 
by examining the rate of combination of hydrogen and oxygen brought about by 
the same radon bulbs, using this reaction as a gas-phase actinometer. The 
original calibration of this actinometer by Lind, however, in which gaseous 
radon was mixed with stoicheiometric hydrogen-oxygen mixtures, had also 
involved assumptions concerning the constancy of the energy release per unit 
track length and further assumptions concerning the spatial distribution of the 
decay products of the radon, which make the method little if at all superior to 
that of the preceding workers.*® From the modern viewpoint, the only signi- 
ticant conclusions are that the ion-pair yield appears to be of the same order 
of magnitude as the quantum yield, and that the temperature coefficients of the 
two processes as induced by alpha-rays and light of wave-length 4537 A. are 
similar, Having regard to the equally unsatisfactory state of X+ray dosimetry 


at the time of the measurements, one can scarcely be more specific than this 


in a modern appraisal of the work of Gtinther and his colleagues, but it is 
worthy of note that in the work of Gtinther and Holm on the reaction as induced 
in the glow discharge in nitrogen, the ion pair yield was independent of the 
relative flow rates of the nitrogen and the gaseous mixture.*”’ In these measure- 
ments, which included comparisons with photochemically-induced processes, 
Gtinther and Holm estimated that each ion pair formed in nitrogen resulted in 
the initiation of about two chains. 

Hydrogen chloride gas freed from oxygen and in the absence of surfaces, 
such as mercury surfaces, which absorb chlorine atoms, has been shown to be 
inert to the electric discharge,®° and it is a fairly safe assumption that in the 
absence of impurities capable of removing H or Cl atoms these merely re- 
combine with no net decomposition of the HCl. Similar conclusions can also 
be drawn from earlier work on hydrogen fluoride. ® 


(b) SYNTHESIS AND DECOMPOSITION OF HYDROGEN BROMIDE 


The synthesis of hydrogen bromide is another of the classic reactions of 
photochemistry. A mechanism exactly analogous to that given above for the 
photochemical synthesis of hydrogen chloride was postulated independently in 


1919 by Christiansen,® Herzfeld,®* and Polanyi,™ and was later shown to be in 


accord with experimental observation by Bodenstein and Lutkemeyer.% The 
reaction proceeds more slowly at room temperature than the synthesis of hydro- 
gen chloride, however, because the activation energy of the process Br + H, > 
HBr + H is higher than that of the corresponding process involving chlorine 
atoms.°® An analogous reaction induced by alpha-rays was first noticed by 
Lind,*®’ and an X-ray induced reaction was first reported by Gltinther and Leich- 
cere’ 
experimental examination by Gillerot,®’ Lind and Ogg,” Lind and Livingston,” 
and Ogg,” while the data of Lind and Livingston” were made thé subject of a 
a theoretical study by Eyring, Hirschfelder, and Taylor.’ 
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The chief experimental difficulty with the alpha-ray induced reaction as 
opposed to that induced thermally and photochemically is that the reverse 
reaction, the decomposition of HBr, cannot be neglected, even in the initial 
phase of the reaction. The ready decomposition of HBr in a spark discharge 
had indeed been noted many years earlier by Berthelot,® and similar decom- 
position in an ozonizer by Smits and Aten.”* Moreover, in interpreting the 
results of the experiments we come face to face with one of the greatest 
difficulties in elucidating the mechanism of radiation-induced processes, viz., 
the entirely non-specific nature of the primary absorption. In this case, 
energy absorption takes place concurrently both in the hydrogen and in the 
bromine as well as in the EBr as soon as any appreciable amount of this 
appears. The situation is obviously much more complicated than in the 
thermal or photochemical reactions, where only one primary process, the 
dissociation of bromine molecules into atoms, is important. 

These difficulties were first reported by Gillerot,®°’ who noted that the 
yield of HBr per ion pair released in the gaseous mixture varied widely with 
the mol fraction of bromine. Lind and Livingston later made a detailed study 
of the effect of this variable, and found that the yield reached a maximum at 
about 0-03 mol fraction of bromine and then declined steadily as this mol 
fraction increased.” In this work the radon was mixed with the gases and 
dosimetry was carried out by the methods of Glockler and Heisig, in which 
corrections were made for the varying ion density along the alpha-particle 
tracks and for the distribution of the decay products on the walls.*® The 
number of molecules of HBr formed per ion pair in the gas mixture was esti- 
mated at about 3-4 at its maximum value at 0-03 mol fraction of bromine; and 
at about 0-4 for anequimolar mixture, in fair agreement with Lind’s earlier value 
of 0-54,°’ which was later confirmed by Ogg.”* Giinther and Leichter, studying 
the synthesis as induced by 40 kV. X-rays, found that the yield varied similarly 
with the mol fraction of bromine in this case, and quoted numerical values of 
3-64 molecules per ion pair (34eV.) in a mixture containing 8-9% Br,, and 2-86 
molecules per ion pair in another containing 26% Br,.®* The yield for the 
decomposition of HBr by alpha-particles was quoted by Lind and Livingston 
as 3-57 and 3-98 molecules per ion pair, in two experiments,” in fair agreement 
with Gillerot’s earlier value of about 4.3% and with Ogg’s later value of about 
ae 

The findings of the alpha-ray work were interpreted by Lind and his col- 
leagues on an ion cluster mechanism in which each ion was imagined to gather 
round it a cluster of molecules of the reactants, whereupon, on neutralization, 
energy equivalent to the ionization potential was released within these mole- 
cules. Such a mechanism would, however, gain little support now; much 
more likely to be correct is the assumption made in the later theoretical study 
by Eyring, Hirschfelder, and Taylor, that the most reactive entities produced 
on irradiating the gaseous mixture are H-atoms, by virtue of the fact that the 
reactions of such H-atoms with either Br, or HBr will be exothermic and require 
little activation energy, in contrast with the corresponding reactions of bromine 
atoms with H, or HBr, which are endothermic.” The situation is thus quite 
different from the photochemical reaction, where the rate-determining step is 
the dissociation of bromine and H-atoms are only produced by reaction of 
bromine atoms with H, molecules. By the action of alpha-rays, H-atoms will 
be produced continuously from both H, and HBr and will dominate the situation © 
throughout. By examining the kinetic consequences of this assumption, 
Eyring, Hirschfelder and Taylor were able to explain most of the observations 
of Lind and Livingston quite satisfactorily if 6 atoms of H were assumed to be 
produced per positive ion formed in H, and 2 per positive ion in HBr. Eyring 
et al. did, however, point out the need for further work on this reaction before 
its mechanism could be fully elucidated. 
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(c) DECOMPOSITION AND SYNTHESIS OF HYDROGEN IODIDE 


The decomposition of hydrogen iodide is again one of the classic photo- 
chemical reactions, and is now well recognized to be initiated by the direct 
dissociation of the HI molecule by light, followed by the processes: 


At" He ee ee ay 
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Side-reactions involving atomic iodine have too high an activation energy to 
play an important part at room temperature, and the observed quantum yield of 
2 is thus satisfactorily explained.” 

A similar reaction is induced by all types of ionizing radiation. Decom- 
position of HI has been noted in a spark discharge®™ and in an ozonizer,”* 
while the synthesis of HI in an ozonizer in a stream of hydrogen passed over 
solid iodine was observed by Warburg, who noted that the HI tended to decom: 
pose as soon as it was formed in the discharge.”* The Ae induced 
decomposition and synthesis of HI were first studied by Vandamme”® and later 
by Brattain,”’ while Gtinther and his co-workers examined the decomposition 
under X-radiation.”® 

An interesting feature of the decomposition by both alpha- and X-radiation, 
on which all the workers agree, is that the yield per ion pair is independent of 
the pressure of the irradiated hydrogen iodide. Moreover, the agreement as to 
the numerical value of the alpha-ray yield is good, considering the status of 
radiation dosimetry at the time, Vandamme obtaining an average value of 8-2 
molecules HI decomposed per ion pair formed, and Brattain about 6. The 
X-ray yield of Gtinther and Leichter, subject to even greater dosimetric un- 


certainties, was also about 8. These results are all consistent with the 


view that the hydrogen atoms are the more important reactive entities produced 
on irradiation. Later work by Gfinther, Leichter, and Pfyl showed thar liquid 
and solid hydrogen iodide were much less sensitive to radiation, the yield 
being about one fifth of that observed in the gaseous phase.” 

In Brattain’s study of the synthesis of hydrogen iodide it was evident that 
the process resembled the synthesis of hydrogen bromide in that the yield of 
HI observed per ion pair was sensitive to changes in the composition of the 
gaseous mixture, althoughit was claimed that the results could not be explained 
on the basis of mechanism similar to that propounded by Eyring et al. for 
HBr.? A maximum value of the yield for the synthesis, at a mol fraction of 
iodine of 0-12, had also been noted earlier by Vandamme. 


STUDIES ON BALOGEN-CONTAINING IONS IN AQUEOUS SOLUTION. 


These studies are all concerned with solute reactions induced in dilute 


aqueous solutions by ionizing radiation, and they can all therefore be des- 
cribed as studies of the ‘indirect’ action of such radiation on water, in the 
molecules of which almost all the energy of the radiation is dissipated. A 
general study of this subject is thus obviously more appropriate to the section 


of this work dealing with water, and no attempt is made here to include a_ 


comprehensive study by way of introduction. In the meantime the reader is 
referred to reviews such as those of Lea,7? Allen,®° and Dainton.** In brief it 
can be said here that it is now generally accepted that the predominant action 
of ionizing radiation on water is to set free hydrogen atoms and hydroxyl 
radicals either by the break-up of ionized molecules and the capture of the 
resultant electrons by other water molecules, or by direct dissociation of the 
water molecules in excitation processes. These atoms and radicals, being 
highly reactive, are considered to be responsible for the changes induced in 
solutes Nieecived in the water. 

The oxidation of air-free solutions of potassium iodide with evolution of 
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iodine under the action of dissolved radium or radon was first noticed by Lind,®’ 
while the prolonged investigation of the action of radium y-rays on many dif- 
ferent materials, made by Kailan in the years 1911 ~—1939, included examina- 
tions of such action on solutions of the halides of the alkalis and alkaline 
earths in air-saturated water. In all cases except that of potassium chloride, 
Kailan found that oxidation took place with evolution of the halogen, and 
proved to be more rapid in acid solution.** Strontium and barium iodides ap- 
peared to be more readily decomposed than the alkali metal salts, and mag- 
nesium iodide was more readily decomposed in alcoholic solution than in 
aqueous solution.®® The rate at which the halogen was evolved from potassium 
bromide increased with increasing concentration of bromide, but not proportion- 
ately to this concentration: likewise it increased as the strength of the radium 
sources was increased, but again not in direct proportion to this variable. 
Under otherwise identical conditions the rate of oxidation of potassium bromide 
was substantially less than that of potassium iodide, neglecting the action of 
any hydrogen peroxide possibly formed during irradiation. Studies of the 
irradiation of potassium iodide by X-rays were later made by Cfark and Pickett, 
who found that the rate of oxidation was reduced in the absence of oxygen,™ 
and by Woodard et al., who affirmed that the rate was the same in solutions of 
acetic acid and of sulphuric acid of the same pH, but higher in nitric acid 
solution.** Woodard et al. also noted that the rate varied for the three salts, 
lithium, potassium and barium iodide, and confirmed Kailan’s observation 
that the rate of oxidation did not increase proportionately to the rate of energy 
release in solutions containing 6°5% Lil, 10% KI or 25% KI in 0-05N-sulphuric 
acid. Fricke and Hart observed that iodide and bromide ion, in concentrations 
of 0-01 to 1 x 10°°M., increased the rate of appearance of hydrogen peroxide in 
irradiated gas-free water or dilute sulphuric acid of pH 3.°® In alkaline solu- 
tion (NaOH, pH 11), Fricke and Hart found that hydrogen peroxide did not 
appear, but instead the equivalent quantity of oxygen, while such effects, 
according to these workers, were not brought about by chloride ions. 

These observations on the catalysis of hydrogen peroxide production by 
traces of bromide and iodide ion, later confirmed by Haissinsky and Lefort,*” 
were quoted by Allen in the statement of his theory of the decomposition of 
water by ionizing radiation, in which the radicals H and OH, considered to be 
formed by the decomposition of water molecules, were assumed to have dif- 
ferent fates depending on whether or not they were formed in regions of intense 
local energy release such as the ends of electron tracks or the main columns 
of alpha-ray tracks.*° If they were formed in such regions it was considered 
by Allen to be likely that some would recombine in like pairs to give H, and 
H,O, molecules. These molecules would then diffuse out into the body of the 
solution, where, in the absence of any other solutes, they would be consumed 
in chain reactions initiated by other radicals, which, not having been formed 
in zones of high energy release, were free to attack them. The overall de- 
composition of pure water into hydrogen and hydrogen peroxide would thus be 
small, in agreement with observation. If, however, solutes such as halide ions 
were present, they would be expected to remove radicals by electron transfer 
processes such as OH + Br -—> Br + OH" followed by H + Br — H* + Br, 
thus promoting the production of hydrogen and hydrogen peroxide, again in 
keeping with the experimental results. In deaerated solutions of Br and I 
Allen and Johnson did indeed find no oxidation of the halide ion, the only 
products being hydrogen, oxygen and a small amount of hydrogen peroxide.“® 

Haissinsky and Lefort, in further studies using X-rays, asserted that pot- 
assium iodide could ultimately be oxidized by such radiation in air-free solu- 
_ tion at room temperature, and that iodine in potassium iodide solution could 
similarly be reduced; while in air-free 0-01N-sulphuric acid a steady state 
- could eventually be reached ‘starting with either solution when about 25% of 
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the iodine was in the oxidized form. Quite different behaviour was noted 
when a potassium iodide solution was irradiated with alpha-particles from 
radon, the oxidation in air-free solution then proceeding linearly to completion. 
In dilute solutions of potassium iodide frozen and cooled to ~-190°C., the rate 
of oxidation by X-tays was much lower, but it decreased with concentration 
until at 1 M-KI it was almost the same as in 107*M. solution at room tempera- 
ture. 

It is perhaps worth noting that oxidation of potassium iodide in aerated 
aqueous solution can also be brought about by irradiation with high-frequency 
sound waves;*? this phenomenon is attributed by most workers to electric 
discharges brought about within the gas-bubbles formed during the process of 
‘cavitation’.”° 

Although Kailan had not noted any production of chlorine on irradiation of 
potassium chloride solutions, evidence for the occurrence of the reaction 
OH + Cl” -> OH” + Cl in aqueous solutions of chloride ion irradiated with 
y-rays was obtained by Dewhurst, who found that the enhancement of the 
y-ray yield for the oxidation of ferrous ions in air-saturated 0» 8 N-sulphuric . 
acid solution, which was brought about by traces wot organic impurities, was 
suppressed by chloride ion in 10°*M. concentration.** This enhancement was 
attributed to reactions between hydroxyl radicals and the organic molecules, 
with the consequent formation of organic free radicals which, in the presence 
of oxygen, formed organic peroxides, thus increasing the oxidation of ferrous 
ions. When chloride ions were present, the hydroxyl radicals were assumed 
to be removed by the reaction OH + Cl” —» OCH + Cl. 

Little work has been carried out on aqueous solutions of halate or per- 
halate ions, but qualitative studies indicate that these species are all reduced 
by X- or y-rays even in oxygen-containing solution. Such studies were made 
on solutions of potassium chlorate with radium y-rays by Kailan, who found 
this salt was reduced to potassium chloride;°? and on potassium iodate by 
Chamberlain, who found that free iodine appeared when solutions of this salt 
were itradiated with X-rays.°* Chamberlain’s results were confirmed by Hais- — 
sinsky and Lefort, who found that potassium iodate solutions were reduced 
both by X-rays and by alpha-particles, with an initial X-ray yield one-fifth to 
one sixth of that for the oxidation of potassium iodide. °*’ 


SOLID PRASE STUDIES. 


Comparatively little attention has been devoted to the chemical decomposi- 
tion of solid salts containing halogen elements by ionizing radiation, although 
the physical changes brought about on irradiation of the alkali halides have 
been quite extensively studied, and will be examined in more detail later 
under the radiation chemistry of ‘the alkali elements. In brief, these physical 
effects involve the migration of electrons within the lattice structure, with 
consequent changes in the transmission of visible or ultra-violet light and in 
other physical properties of the crystals.”* 

Meiler and Noyes studied the decomposition of solid potassium chlorate: 
by electron bombardment and by irradiation with ultra-violet light in parallel 
experiments.*> It was found that decomposition with evolution of oxygen 
resulted when electrons of energy greater than 22 V., or light of wave-length 
less than 2800 A., were used. The experiments with electrons may, accord- 
ing to the authors, have been somewhat affected by the build-up of surface 
charge on the salt during irradiation. 

Observations of the decomposition of halates and perhalates by the radia- 
tion of a nuclear reactor were made incidentally in the course of studies of the 
excited atom chemistry of newly-formed **Cl, °6 and of newly-formed **Br .°” 
The decomposition of potassium perchlorate crystals by 50 kv. X-rays was 
thoroughly studied by Heal.°* The main products of the decomposition were 


Refs. p. 1103 


46 RADIATION CHEMISTRY 1103 


chlorate and chloride ions, both appearing in reactions approximately of the 
first order; a calorimetric estimation of the yield led to the conclusion that 
19 + 2 eV. were required for the dissociation of a perchlorate ion. It was 
considered that the decomposition occurred in the main at surfaces and in 
lattice imperfections, the energy associated with the excitation of the ClO, 
ions by the radiation being transferred along the lattice to these positions by 
an ‘excitation’ transfer process of the type postulated by Frenkel. The re- 
sulting Cl”, ClO, and ©, were then assumed to accumulate at these positions, 
until the crystals suddenly disintegrated, as was observed to occur. This 
hypothesis was supported by a sudden rapid increase in chloride ion formation 
at the moment of break-up of the crystals, which was attributed to the secondary 
formation of chloride ion from chlorate at the newly-formed surfaces, from 
which the evolved oxygen could readily escape. 
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SECTION XLVIE 
THE EXCITED-ATOM CHEMISTRY OF THE HALOGENS. 
By K. F. CHACKETT 


‘This section deals with chemical reactions involving halogen atoms 
initiated by nuclear changes. Such interactions may be, for example, the 
formation of halogen-atom nuclei by radioactive decay processes, or by bom- 
bardment of nuclei with particles such as neutrons, protons, or helium ions, of 
with quantum radiations. In the special case of bromine, the initiating nuclear 
phenomenon may be the transition of bromine nuclei from an upper to a lower 
energy state, a process which occurs with the isotope of mass 80. Since in 
general (though not always) the energy liberated in nuclear reactions is many 
times that associated with ordinary chemical bonds, it is natural to expect 
bond rupture as one result of nuclear reactions. The newly-formed nuclei, 
together with any orbital electrons remaining associated with them, are known 
colloquially as ‘hot-atoms’, and their chemical reactions as ‘hot-atom chemistry’. 
The term ‘excited-atom’ is perhaps preferable, if only because it does not 
necessarily imply that the original chemical bond is always broken by a recoil 
mechanism but suggests that other processes may be involved. This branch 
of chemistry is already well-developed for many elements besides the halogens, 
but in this development the halogens have probably played a greater part than 
any other group in the Periodic System, mainly because their usual chemical 
reactions are familar and they form well-defined series of both inorganic and 
organic compounds which are relatively easy to separate and identify. 

Special mention should be made at the outset of the work of Szilard and 
Chalmers,* whose basic idea and experimental work on the bombardment of 
ethyl iodide with slow neutrons proved to be the foundation of this new field 
of research. Measurements have been made of the energies of the y-rays 
emitted by several elements including chlorine, bromine, and iodine upon slow 
neutron capture. The upper limits’are so high that the recoiling halogen atom 
has, im some cases, a kinetic energy many times greater than normal bond 
energies.” This affords an explanation of the effect observed by Szilard and 
Chalmers, namely, that a large proportion of the newly formed '*°I atoms are 
no longer in organic combination. The simple picture of recoil resulting from 
y~fay emission causing rupture of chemical bonds is not, however, applicable 
to the cases where the halogen atom is combined with a very light atom.* It 
must also be pointed out that if the halogen nucleus loses its excitation energy 
by the emission of two or more y-rays in random directions, the net recoil 
may be far less than if a single quantum only were emitted. 

Since nuclear reactions are usually such rare phenomena, it is clear that 
the actyal amount of chemical action arising therefrom will in general be 
extremely small, though exceptions to this rule are to be expected in the case 
of neutron reactions in the pile. Hence special methods are almost invariably 
necessary for the detection of reaction products. In practice this has always 
meant in the past relying on the fate of the halogen atoms being indicated by 
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their own radioactivity resulting from the initial nuclear reaction. Thus the 
general method of identifying reaction products is to add to the system, after 
bombardment, a sample of pure inactive material identical in chemical nature 
with a suspected product, and, after suitable precautions to ensure equili- 
bration, to separate out again a sample of this substance and to test whether, 
and if so to what extent, it carries with it the characteristic radiation of the 
halogen isotope involved. Obviously this method cannot be used if the reaction 
product sought has the property of exchanging its halogen with other possible 
chemical forms: for example, when working with aqueous media one could not 
expect to distinguish between molecular chlorine and chloride ion as reaction 
products since, owing to the rapidity of the exchange rate, the chlorine atoms, 
whatever their initial oxidation state (0 or -1) would be carried by either 
“species. 

In what follows, the excited-atom chemistry of the halogens is reviewed for 
fluorine, chlorine, bromine and iodine in turn. With each element the material 
has been arranged to deal so far as is convenient first with reactions involving 
inorganic compounds and then with those involving organic compounds. This 
afrangement necessitates the duplication of many references, since some 
authors have published papers concerning two or even three of the halogens, 
but it has the advantage of showing systematically what compounds have been 
studied. Fora full account of the historical development of ideas concerning 
‘hot-atom’ reactions, including reactions not involving the halogens, the reader 
should refer to a standard text on radiochemistry.‘** 

/ 


FLUORINE 


With fluorine, the only isotope which might conceivably be traced by the 
method outlined above is *°F (half-life 112 min.). Although this isotope has 
been prepared in several ways there appear to be no réports of any of them 
being used in studies of the chemistry of the newly-formed atoms.® The 
isotope 7°F (12 seconds) is formed by the capture of slow neutrons in stable 
°F, in the form of CaF,.’ Its short half-life would, of course, make it ex- 
tremely difficult to investigate chemically. 


CHLORINE 


Chemical reactions of the isotope 34C] (half-life 33 min.) have been studied. 
This nuclide is formed by proton bombardment of sulphur. Experiments in 
which solid sodium sulphate and sodium persulphate were bombarded showed 
that nearly 100% of the **Cl atoms may be co-precipitated with silver chloride 
from aqueous solutions of the targets. A barely detectable activity follows 
the chemistry of chlorate ion and perchlorate ion,* and even this may be 
accounted for by the slow exchange of chlorine between the valence states 
involved.’ The irradiation of sodium chlorate by y-rays also gives rise to 
*4Cl, of which 91+2% is found as chloride ion, 9+ 2% being retained as chlorate 
ion, with negligible activities following chlorite ion or perchlorate ion chem- 
istry.*° | 

Slow neutron capture in the normal mixture of chlorine isotopes produces 
36Cl and **Cl. The former has a very long half-life (a figure of 4-4 x 10° years 
has been given)”* so that only in exceptional circumstances would the quantity 
produced be sufficient to permit its detection by radioactive means. However, 
experiments have been made in which solid sodium chlorate and solid sodium 
perchlorate were bombarded over a period of six months with neutrons from the 
Berkeley cyclotron. After dissolving the salts in water, it was found that a 
small but not negligible activity could be precipitated with silver chloride. 
That this was not the 38-minute **Cl isotope was shown by the apparent con- 
stancy of the activity with time.*? 
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The other chlorine isotope made by slow neutron bombardment is **Cl 
having a half-life of 38 min., and it is this isotope which is involved in all 
the other researches mentioned here. 

Irradiation of solid sodium chlorate with slow neutrons yields, after solu- 
tion in water, between 70% and 90% of the induced activity in a form which 
may be co-precipitated with silver chloride.**** That a small fraction of the 
active chlorine atoms in such an irradiation remains in an oxidized form seems 
to be indicated by experiments in which neutron-irradiated potassium chlorate 
was slowly decomposed by heating with oxalic acid and a little water. The 
chlorine dioxide evolved at first had a specific activity about ten times as 
great as that evolved towards the end of the reaction.” 

Working with aqueous solutions as targets for slow-neutron irradiations, it 
is found that for sodium chlorate and sodium perchlorate solutions the pro- 
portion ofactive chlorine precipitable as silver chloride is very close to 100%.** 
The effect of pH has been investigated and it is found that under acid con- 
ditions the ‘retention’ of the activity by ClO% is slightly greater than zero. 
This may be due to an increased exchange rate with the energetic **Cl atoms.** 

The first organic chlorine compounds to be studied in this connection were 
chloroform and carbon tetrachloride. It is found that after slow neutron ir- 
radiation of chloroform, more than 90% of the active chlorine can be extracted 
by aqueous solutions containing inactive chloride ion. With carbon tetra- 
chloride as target, the activity can be extracted also with an aqueous solution 
of a mild reducing agent (sodium thiosulphate), although under these conditions 
the percentage extracted is less, about 55%.*%"5 

In further work on these lines chlorobenzene was irradiated with slow 
neutrons, when it was shown that aqueous solutions containing chloride ion 
and sulphur dioxide could extract up to 50% of the active chlorine. Of the 
residual 50% of the activity retained in organic combination not all was present 
as chlorobenzene, for on adding dichlorobenzene to the target liquid and then 
recovering it by fractional distillation it was found that 15% of the total acti- 
vity was present as dichlorobenzene.*® 

When ethylene dichloride is irradiated with slow neutrons active chlorine 
may be extracted with water (yield 60%), or by adsorption on activated char- 
coal (yield below 30%).*%7® 

There is good evidence that the proportion of molecules which dissociate 
as a result of neutron capture is higher than the proportion of active halogen 
eventually found in non-organic combination. This is shown by the fact that 
adding 4% of aniline to carbon tetrachloride and chlorobenzene before neutron 
irradiation causes a Significant increase in the yield of active chlorine ex- 
tractable into 5% hydrochloric acid or 5% sodium thiosulphate. Table I sum- 
marizes some typical experimental results. 

TABLE I.- YIELD OF RADIOACTIVE CHLORIN=& FROM 
NEUTRON-IRRADIATED ORGANIC CHLORO-COMPOUNDS 


Target Added Extracting Mean % 
Substance Agent Extracted 


Chlorobenzene None | 5% Na,S,O, 36 
Aniline 9% HCl 69 

| Carbon None 5% Na,S,0, 55 
_ tetrachloride Aniline 9% HCl 88 


The authors suggested that active chlorine atoms were the primary product 
in nearly every case, the fraction reappearing in organic combination represent- — 
ing recombination reactions. These would be competed with by reactions 
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such as: 
Poet) + CNH. = C.H.NH,R™ + CI” 


where R® denotes the molecular fragment resulting from the initial break-up of 
the RCI] molecule. Alternatively, in some cases the y-ray recoil might be 
sufficient to produce RCI] molecules in a highly energetic state, when the 
reaction would be expressed as: 


(2) Rel + CAN) —-—> -C/H.NHR” + Cl 


It would appear that there may well be little real distinction between 
these two reactions provided it is understood that the R® and Cl in reaction (1) 
denote the original partners in one RCI molecule, as is probably true in most 
instances. In either case the postulated reactions constitute a mechanism 
_ whereby ‘hot’ halogen atoms, which would otherwise have re-entered organic 
combination, are in fact converted into halogen ions. These, of course, might 
still be highly energetic but are now given a ‘second chance’ to escape capture 
by a neighbouring molecule or radical and survive in an unbound state until 
various collision processes can reduce their energies to ordinary thermal 
levels.*® ' 

In 1947 Libby published a very important paper on the reactions of hot 
atoms formed by neutron activation; his ideas have become known as the 
‘physical impact theory’ and with reference to organic halides may be sum- 
marized in the following way: 


1. Breakdown of the halogen-containing molecule occurs in every case 
immediately on neutron capture. 


2. The recoiling active atom has enough energy, E, initially to break 
through the surrounding ‘cage’ of molecules, so that the recom- 
bination of the fragments is negligible. 


3. The active atom loses energy by the elastic collisions with sur- 
rounding atoms. Eventually, if by such processes its energy is 
reduced to a critical value ¢€, it can no longer move to a new 
site in the medium more quickly than corresponds to thermal 
agitation. 


4, Since the hot halogen atoms are in general much heavier than other 
constituents of organic molecules, the energy loss at each col- 
lision will be quite small unless the hot atom strikes a bound 
halogen atom, which will usually be ejected from its molecule. 

The hot atom may still have energy greater thanthe bond energy 

€, in which case it will escape from the collision site and repeat 

the process elsewhere. Ultimately it will suffer a collision with 

a bound halogen atom, which leaves its energy less than & and in 

this case one of two things will happen. If the energy is still 
greater than €, the atom can escape from the molecular fragments, 

but it can no longer eject another bound halogen atom, and so 

will probably not become organically bound. If the energy is 

less than € it cannot escape the molecular fragments and will 
enter organic combination. The fraction of the whole activity 
eventually found in organic combination is therefore approxi- 


€ : ‘ : ; ‘ 
mately =. This mechanism evidently accounts for the formation 
of radioactive molecules of the same type as the original target. 


5. Molecules in which hydrogen atoms have been substituted by active 
halogens would, on this theory, be produced only when ‘hot’ atoms 
had been reduced by collisions to an epi-thermal region where 
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the relatively slight energy drop caused by ejection of a hydrogen 
atom in a collision was yet sufficient to bring the energy below e: 


Hal” + C,H,Hal —»> C,H jHalHal” + H 


In this region the energy of the hot atom must be of the order of 
normal bond energies, so that we may not speak of a truly elastic 
collision with the relevant hydrogen atom, but rather of a collision 
probably involving some excitation,with the molecule as a whole. 
This conception is necessary to explain the appreciable yields 
of radioactive di-substituted products.*? 


Libby’s theory, later applied to the results of his experiments on propyl 
bromides (see page 1118) was put on a semi-quantitative basis by later wor- 
kers?° and in a series of experiments | a careful study was made of the reactions 
of **Cl formed by neutron capture in *7Cl in various liquids. The yield of active 
chlorine as carbon tetrachloride was measured, as a function of the mole-frac- 
tion of carbon tetrachloride, in irradiated carben tetrachloride=silicon tetra- 
chloride mixtures. This yield is strictly proportional to the mole fraction over 
the entire range of composition, being zero at zeromole-fraction and 43% at 
unit mole-fraction of carbon tetrachloride. It was also shown that under the 
experimental condition$ there is no appreciable exchange of radiochlorine 
between the two components of the mixture. This behaviour, however, is not 
reproduced in the system carbon tetrachloride-cyclohexane as is shown by the 
figures in Table II (condensed from Miller and Dodson’s paper?®). ; 


TABLE I.- YIELDS IN CARBON TETRACHLORIDE-C YCLOHEXANE SOLUTIONS 


Mole-fraction Radioactive Radioactive 
Carbon Carbon Chloro~ 
tetrachloride tetrachloride cyclohexane 


ee ee eo 


0-1 
0-1 
0-1 
0-1 
0-1 
0-1 
0-1 
0-1 
0-1 
0-1 


The constancy of the yield of radioactive chlorocyclohexane is remark- 
able. A similar series of experiments with carbon tetrachloride=benzene 
mixtures gave the results shown in Table III (again condensed from the original 
paper). 

~. In this case the constancy of the yield of radioactive chlorobenzene is 

rémarkable, the variation among all the figures, after the first two, and their 
mean being almost entirely accounted for by statistical fluctuations in the 
counting rates obtained. 

In an attempt to show that the initial state of combination of the chlorine 
had no effect on its fate after neutron capture, solutions of molecular chlorine 
in cyclohexane and in benzene were also irradiated. The fraction of radio- 
chlorine found in organic combination in the case of cyclohexane was the 
same (02) at mole=fractions of chlorine of 0-303 and 0.022,. but in the case 
of chlorine solutions in benzene there was a marked dependence of yield of 


radioactive chlorine in organic combination on mole=fraction, as shown in 
Table IV. 
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TABLE IWl.- YIELDS IN CARBON TETRACHLORIDE-BENZENE SOLUTIONS 


Mole-fraction Radioactive Radioactive 
Carbon Carbon Chlorobenzene 
tetrachloride tetrachloride 


TABLE IV.- TOTAL ORGANIC RETENTION IN CHLORINE-BENZENE SOLUTIONS 


Mole-fraction Total organic 
Chlorine retention 


0-0010 


0-0090 
0-015 
0-040 


In a separate experiment it was found that the bulk of the radioactive yield 
in ofganic combination was not, however, as chlorobenzene but as higher- 
boiling fractions. Thus at a mole-fraction of chlorine of 0-015, the total 
organic ‘retention’ being 0-43, only 0-08 was present as chlorobenzene, and 
0-35 remained inseparable from the products of photolysis of chlorine in benzene 
- essentially a mixture ranging in composition from C,H,Cl, to C,Cl,,. This 
contrasts sharply with figures obtained for carbon tetrachloride solutions in 
benzene where, in one experiment with a mole-fraction of carbon tetrachloride 
of 0-65, the relative activities found as carbon tetrachloride, chlorobenzene, 
and higher boiling compounds were respectively 0-12: 0-22: 0-02. 

A semi-quantitative explanation of all these phenomena is based partly 
on the ‘physical impact theory’, and partly on the conception that the pre- 
liminary reaction of all the hot chlorine atoms in solutions of chlorine or 
carbon tetrachloride in benzene or cyclohexane is the formation of an activated - 
complex with a hydrocarbon molecule. This latter hypothesis is necessary to _ 
explain why the yield of radioactive hydrocarbon halide is independent of the 
composition of the target, and also why small concentrations suffice to reduce 
drastically the yield of tagged carbon tetrachloride (since some at least of the 
complexes will decompose without making radioactive chlorine atoms available 
for substitution reactions with inactive organically bound chlorine atoms). 
This effect may be regarded in a sense as an extension of the explanation of 
the effect of aniline in reducing the organic yield of active halides, though 
in the present case we have no previous knowledge of the existence of the 
relevant complex.” Studies on the Szilard-Chalmers effect in hexachloro- 
ethane, both in the solid state and in solution in benzene and in carbon 
tetrachloride, have been reported.?? 
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BROMINE 


Hot radioactive bromine atoms have been produced by bombardment both 
with y-radiations and with slow neutrons. Consideration must also be given 
to the chemical reactions of 18 minute ®°Br formed by internal transition of 
®MBr (4-4 hours half-life), and to the reactions of bromine atoms **Br and “Br 
formed by decay by 8 emission of selenium isotopes. 


EXCITED BROMINE ATOMS FORMED BY Y-RAY BOMBARDMENT 


Energetic y-rays, for example those from a lithium target bombarded with 
protons, have been used to form the following isotopes of bromine’® 


(a) 7*Br, (6-4 minutes) formed by 7’Br (y,n) 7Br 
(b) ®°™Br, (4-4 hours) formed by *Br (y,n) ®™Br 
(c) *°Br, (18 minutes) formed by **Br (y,n) ®°Br. 


In experiments with ethyl bromide as the target for the y-rays, it has been 
shown that the concentration of the activity is possible by methods similar 
to those used in the normal Szilard-Chalmers process, namely extraction with 
aqueous media and co-precipitation with silver bromide. The active species 
are formed in the ratioa:b:c =1:3:2 approximately.** 


EXCITED BROMINE ATOMS FORMED BY NEUTRON BOMBARDMENT 


Much more work has been done on the hot-atom chemistry of bromine follow- 
ing neutron capture. When sodium bromate is bombarded with slow neutrons 
and then dissolved in water, about 90% of the active bromine may be co- 
precipitated with silver bromide.!* Work has recently been reported on this 
reaction using potassium bromate in the Oak Ridge pile. With neutral or 
alkaline solutions of bromate as target, virtually all the active bromine may be 
co-precipitated with silver bromide, with or without previous extraction into 
carbon tetrachloride using ordinary bromine as carrier. With bromate solutions 
in nitric acid, however, the proportion of the total bromine precipitated with | 
silver bromide falls to 20% presumably because the hot bromine atoms first 
formed react with nitrate ion to re-form bromate.’ 

Aqueous solutions of ammonium bromide and phenol irradiated with slow 
neutrons yield about 2% of the active bromine in organic combination.”° 

Most of the published work deals with the hot atom chemistry of bromine 
present in or reacting with organic compounds. One of the earliest studies 
was on the deposition of 18 minute *°Br on metal foils immersed in neutron- 
irradiated organic bromine compounds including bromoform, ethyl bromide, 
ethylene dibromide and butyl bromide. No deposition occurred on smooth 
platinum, but definite activities were detected on copper and on silver. With 
bromoform the application of an electric field between two copper or silver 
plates (360 volts) increased the deposit of radioactive bromine on both plates; 
with ethyl bromide, ethylene dibromide and butyl bromide, the active deposit 
was confined entirely to the anode. In an experiment with bromobenzene, 
activity was found on the cathode, but to a smaller extent than on the anode. 
The presence of molecular bromine dissolved in the irradiated liquid reduced 
the efficiency of collection, presumably because radioactive ions exchanged 
with the inactive un-ionized form. It was shown that these observations hold 
whether electrolysis is carried out during or after the bombardment.?” Other 
workers bombarded methylene dibromide and bromoform, in each case extract- 
ing inorganic active bromine with aqueous solutions of bromide ion and sulphur 
dioxide, and also estimating the yields of various organic bromo-compounds 
as reaction products, with the results given in Table V (see page 1113). 
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TABLE V.- PERCENTAGE OF TOTAL ACTIVITY CARRIED BY 
PRODUCTS OF NEUTRON IRRADIATION OF ORGANIC BROMO-COMPOUNDS 


Percentage activity found in:- 


Aqueous Original New 
extract. substance. product. 


43 43 
34 47 
718" 


* Original substance remained in the aqueous extract 
| 


Substances irradiated 


Methylene bromide 14 
(bromoform) 
19 
(carbon 
| tetrabromide) 


22 
(methylene 
dibromide) 


Bromoform 


Bromoacetic acid 


Various mixtures were also irradiated, each having only one constituent con- 
taining bromine, and it was shown that active bromine atoms were present in 
reaction products which could only be derived from the other constituent.!® 
These results are shown in Table VI. 


TABLE VI.- PERCENTAGE OF TOTAL ACTIVITY CARRIED BY 
PRODUCTS OF NEUTRON IRRADIATION OF PAIRS OF COMPOUNDS 


Substances irradiated Percentage activity in product. 


Benzene + carbon Bromobenzene 15% 
tetrabromide (1:1) 


Phenol + methyl Methyl bromide 6%; 
bromide (1:1) Bromobenzene 2%; Bromophenol 2% 


Aniline hydrobromide Bromobenzene 1%; Bromoaniline 2%. 


The same workers observed that smaller yields of organically-bound 
bromine atoms are obtained if the target organic bromine compound, for example 
bromoform, is dissolved in a relatively large (20: 1) volume of carbon di- 
sulphide.*® This phenomenon is also observed with carbon tetrabromide in 
ethanol, the percentage of active bromine retained in the carbon tetrabromide 
Beas falling from 60+5 in the pure state to 0+2 at a mole percentage of 
0-064. 

It has been shown that a large fraction of the active bromine formed by 
slow neutron bombardment of ethyl bromide may be extracted into water. The 
yield has been given as 60%; alternatively a yield of about 30% is obtainable 
by adsorbing the activity on charcoal.*” | 

Experiments have been made on neutron irradiation of bromine as ethyl brom- 
ide and hydrogen bromide in the gas phase, using bombardments lasting only 
45 minutes, and also lasting 12 hours. With the former the 18 minute 7*3r acti- . 
vity would have reached about 80% of its saturation, while the 4-4 hour "Br 
would still be far from saturation, whereas with the latter both activities would 
be close to their saturation values. The results of the two series of experiments 
might therefore be expected to differ if the *°3r and *°™Br atoms underwent dif- 
ferent reactions, but in fact such differences were scarcely appreciable. It was 
found that the proportion of active bromine found in organic combination was 
less than 3% of that formed. This indicates that practically all active bromine 
atoms formed in the ethyl bromide escape from their parent molecules. If, 
however, acetylene were present in the reaction mixture during bombardment 
(ethyl bromide 82mm., hydrogen bromide 5mm., acetylene 51mm.), the proportion 
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rose to as much as 73%. This figure was not strongly dependent on the 
hydrogen bromide pressure between 2mm. and 30mm., nor was it affected very 
much by the admixture of 600mm. pressure of hydrogen or of carbon dioxide 
during bombardment, or by the influence of an electrostatic field of 1000 volts 
applied across two electrodes within the irradiation vessel. The dependence 
of the yield of organically combined bromine on acetylene pressure was ex- 
plained as follows. 

Accepting that in all cases the activated bromine atoms are uncombined, 
one may expect an exchange reaction with HBr with velocity constant k,, 


HBr +) Br®: {es HBr} Be Ee 


and a reaction with acetylene to give a free radical, which reaction will be 
reversible, 


k 
C,H, + Br* = C,H,Br* hee (2) 
3 
These free radicals may lead to production of stable organic molecules con- 
taining radiobromine by the reactions: 
C,H,Br* + HBr —“4> C,H,Br*Br + H 
of “CAN SBrt +) Bre, 6 an eee (3) 


Assuming that the free radical concentration during bombardment is stationary, 
we have: 


k,(Br*](C,H,] =%,[C,H,Br*] + &,[C,H,Br*] [HBr] 
The rate of production of stable organic molecules containing radiobromine, 


Seals ! 
| = - k,{C,H,Br*] [HBr] 


and of hydrogen bromide, HBr’, is 


sania k, (Br*] [HBr] 
dt 
The rate equations then lead to 
S* kak, [C,H,] 


HBr*  k,(k, + k,LHBr] ) 


Since it is found that the ratio of organic to non-organic bromine yield is 
almost independent of the pressure of hydrogen bromide, it must follow that 
k, >>k, [HBr]; neglecting this latter term and re-writing, 


S* park ebHBri kel Ge 
HBr* =k, k, [HBr] 
we see that as the value of this expression is of the order of unity since 
k,>>k, [HBr] it follows that k,[C,H,] >> k, [HBr]. 
In other words, the reaction of active bromine atoms with acetylene is much 


more probable than their reaction with hydrogen bromide. This, however, 
neglects the effect of the exchange reaction | 


GH Brt hu Be. esr REL ee eo (6) 
and consideration of this exchange leads to an equation 
of = alC,H,] oe ee @ @ (7) 


HBr* 6 +c ([C,H,] 


which is shown to fit the experimental data as to dependence of the ratio of 
organically-bound to inorganically-bound radiobromine on acetylene pressure. 
All this work depends on the assumption that every neutron capture leads 
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to a free active bromine atom, which is not in fact always to be expected, 
since the HBr molecule may recoil as a whole. Owing, however, to the weak- 
ness of the neutron source used, it was not possible to detect any effect of 
non-rupture of the H=Br bonds. 

Researches in which deuterium bromide was used instead of hydrogen 
bromide led to the same general conclusions, except that in all cases the 
yield of organically-bound bromine was significantly greater. This may be 
due to different rate-constants in the reactions, e.g. reaction (G) involving 
DBr instead of HBr.”® 

Further work with liquid-phase targets has been reported. The general 
plan of these experiments was to irradiate an organic halogen compound and 
then divide it into two or more portions. One was kept as a standard and its 
activity compared with that remaining in the others after they had been treated 
in various ways designed to remove non-organically-bound halogen. In the 
first series of experiments the effect of the presence of iree halogen in the 
target during irradiation was investigated. The organic halide was given the 
following pretreatments before irradiation: (a) none, (b) shaking with aqueous 
sodium thiosulphate solution, (c) mixing with 1—3% of free halogen. After 
20 minutes irradiation the liquid was divided into two portions and one was 
extracted with 5% aqueous thiosulphate to remove all free bromine and bromide. 
The results are given in Table VII.*5 


TABLE VIL- EFFECT OF FREE HALOGEN ON EXTRACTION OF 
RADIOACTIVE BROMINE 


Target Pre-treatment % Extraction (mean) 


Ethylene 


dibromide a 


60 
69 


Bromobenzene 31 
26 
30 


Inthe second series of experiments the effect of different extracting agents 
was investigated and Table VIII summarizes the results. 


TABLE VIII.- EFFICIENCY OF EXTRACTING AGENTS 
FOR RADIOACTIVE BROMINE 


Target | Extracting Agent Mean % extraction 


Ethylene Water 
dibromide 5% HCl 
5% HNO, 
5% H,SO, 
15% NaOH 


5% Na,S,O, 

Zn, dust (2g.) 

an, Coarse powder ( 2g.) 
Al foil 


Cu powder (2¢.) 
Cu foil (2g. 55 cm?) 
Ag foil (2g. 77 cm?) 


(Table continued on page 1116). 


Refs. p. 1134 


1116 RADIOCHEMISTRY 47 


TABLE VIII. - ee aris 


Target Extracting Agent Mean %: extraction 


Bromobenzene Water 
5% HCl fs 
15% NaOH 39 
5% Na,S,O, 31 
Zn dust (2g.) 37 
Cu powder (2g.) 29 


The effect of added bases such an aniline and phenol during irradiation 
was then studied, with the results given in Table IX. 


TABLE IX.- EFFECT OF THE ADDITION OF' ORGANIC BASES AND PHENOL 
ON THE EXTRACTION OF ACTIVE BROMINE 


Added SOUS Extracting agent Mean % extracted 


9% HCl 


Bromobenzene None 


| 0.25% aniline 5% HCl 
1% aniline 5% HCl 
2% aniline 5% HCl 
4% aniline 59% HCl 
6% aniline 5% HCl 


4% aniline (added 
after irradiation) 


9% HCl 


None 
4% phenol 

4% dimethylaniline 

3% m-phenylenediamine 


Bromobenzene 15% NaOH 


15% NaOH 
5% HCl 
5% HCl 


n-Butyl None 5% HCl 
bromide 4% aniline 5% HCl 
} None 15% NaOH 


4% aniline 15% NaOH 


5% HCl 


Ethylene None 


dibromide 4% aniline 5% HCl 
4% phenylhydrazine 5% HCl 
4% diethylamine 5% HCl 
None water 
4% aniline water 


* 


5% H,SO, 
5% H,SO, 


4% aniline 
| None 
4% aniline 


*Extracted with 5% HNO,, the aqueous layer separated and made alkaline, and 
the aniline + bromoaniline extracted into 20 cc. inactive ethylene dibromide. 
The activity of this solution was then compared with the untreated portion of 
ethylene dibromide. 


) In all these experiments (except the last two on ethylene dibromide in Table 

IX), the irradiation time was so short (20 min.) that the activities detected 
were essentially due only to the 18 minute *°Br isomer. The last experiments 

on the ethylene dibromide, which was bombarded overnight and allowed to 
stand for at least one hour for the 18 minute isomer to decay, refer to the 4.4 
hour and 34 hour activities (°"Br and **Br). In the experiment marked with an 
asterisk a measurement of the activity remaining in the target liquid was made, 
from which it was possible to calculate, by difference, the activity remaining 
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in the aqueous phase. The latter activity was presumably due to Br since it 
was completely co-precipitated with silver bromide. 

In the long-bombardment experiments a similar procedure was followed and, 
in addition, the activity of the water-soluble bromine fraction was determined 
by measurement after co-precipitation with silver bromide. The results of 
these experiments are given in Table X. 


TABLE X.- DISTRIBUTION OF ACTIVE BROMINE IN 
ETHYLENE DIBROMIDE IRRADIATION 


18-min. activity | 4. 4-hr + 34-hr. activity 


Br* retained in C,H,Br, 19 | 32 

Br* substituted in aniline 8 9 

Br* water-soluble 73 (by diff.) 59 (by diff.) 
54 (by exp.) 


Further experiments showed that the fraction of active bromine extracted 
in aqueous media was the same whether n-butyl bromide was irradiated at 
room temperature or at -80°C, 

Finally some experiments were made on the extraction of activity from 
irradiated ethylene dibromide by metals (Table XI). 


TABLE XI.- EXTRACTION OF 18 MINUTE ACTIVITY BY METALS 


(1) Extraction by metal alone 

(2) Extraction by metal followed by water extraction 

(3) Extraction by metal alone (target saturated with HBr) 
(4) Extraction by metal alone (4% aniline in target) 


~ % Extraction | . 


zn, coarse powder 
Al foil (400 cm?) 
Cu foil (55 cm?) 
Ag foil (77 cm?) 


In a typical experiment in which the active bromine formed by irradiation of 
2,000cc. of ethylene dibromide (+ 5% aniline) was extracted and converted 
into lithium bromide, the total bromine content of this salt was as little as 
0-060 g. (found by titration), and it was calculated that the concentration factor 
(ratio of specific activities in the organic bromide and in the lithium bromide) 
was at least 30,000." 

Evidence has been found that, at any rate with ethylene dibromide as 
target, the inorganic yield varies with the time interval between the end of 
irradiation and the extraction process. Thus if this interval is made as short 
as possible, extraction with water removes only 35% of the active bromine 
from the organic liquid, but if the target liquid is allowed to stand in contact 
with pentane for 6 hours before extraction, the percentage extraction rises to 
80.22 That the radioactive bromine may undergo peculiar chemical reactions 
after the end of irradiation is suggested by a report that, if irradiated acetylene 
bromide is added to oleic acid and then. removed again by distillation, the 
oleic acid is found to be brominated with a higher specific activity than the 
irradiated compound.*° The deposition of *™Br and *’Br on silver plates from 
irradiated organic bromides has been studied. The deposit is increased by 
applying an electric potential between pairs of plates; with ethylene dibromide 
more activity was collected on the cathode than on the anode, but the reverse 
is the case with bromobenzene.™ | 
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Experiments have been described in which mixtures of bromine and carbon 
tetrachloride, and also bromine and tetrachloroethylene, were irradrated both 
in the liquid phase and in the gaseous phase. The percentages of radioactive 
bromine found in organic combination in the liquid phase experiments were 24 
and 37 respectively with very dilute solutions; in the gas phase the percent- 
ages were 1-9 and zero. A study was made of the yield of active bromine as 
a function of concentration of ordinary broniine in carbon tetrachloride. This 
fell approximately linearly from 24% in dilute solution to zero at 100 moles 
per cent. bromine. *7*° 

Other authors experimented with mixtures of hydrogen bromide and ethylene 
using a stronger neutron source than that available to earlier workers, which 
improved the counting statistics. They postulated the same kinetics for the 
HBr-C,H, reaction as were mentioned above (see page 1114); with the same 
notation and also writing k, and k, for the neutron activation of hydrogen 
bromide and for the eee eties reaction 


Hert ees 


HBrt+n ae Here 


and denoting by (A) the partial pressure of ethylene, they derive 
A) =f Cegheg/ighy) + (hgh + Reh DHBrl/keghe 41 + (deg/len)} 
Org. Br /Inorg. Br + {(keg/keg) + (eg/Ieg) + Ceght/Keahty) WA) 


so that with [HBr] constant, a plot of the left-hand side versus (A) should give 
a straight line with a positive slope and positive intercept on the ordinate. 
This prediction was in fact fairly well borne out by experimental results. It 
also appears that for *°Br(18-min.) kg /k= 0-08, whereas for ®°™Br(4-4-hour)k,/k, 
iS approximately zero. This is indicated by somewhat different distributions 
of the two activities between the organic and inorganic fractions.** 

The conclusions regarding the value of k,/k, appear to be supported by 
work on the deposition of both species of active bromine on gold electrodes 
immersed in neutron-irradiated ethyl bromide. It was found that the rate of 
deposition of ®°Br was rather lower than that expected, which might be accoun- 
ted for if this species were not always produced as free atoms or ions. This 
work, however, is a little difficult to interpret. * 

In most of the researches reviewed so far the active species investigated 
has been essentially the 4-4 hour *°™Br isotope in equilibrium with its 18 min- 
ute daughter *°Br. There may, however, be difficulties in the interpretation of 
results owing to this isomeric change. Other workers avoided these possible 
uncertainties by using a strong neutron source and basing all their results on 
the radioactivity of 34 hour **Br still present after the initially more strongly 
active ®°Br isomers had decayed. They irradiated both n- and Lso-propyl] 
bromides as pure liquids, as solids at -196°C., and as liquids containing 
1g./100 cc. of bromine. The chemical nature of the active reaction products 
was established by the usual methods: extraction with aqueous bromide plus 
sulphur dioxide and addition of inactive organic bromides as carriers followed 
by fractional distillation. Experiments were also made to explore the effect 
of varying proportions of added bromine, of standing after irradiation, of the 
exclusion of air and of continuous extraction during irradiation. The results 
are given in Table XII, (see page 1119),where R is the percentage of activity 
not removable by aqueous extraction (i.e. the organic retention). 

The authors applied the, physical impact theory (reviewed briefly under 
Chlorine) to these results Ae made the following comments: 

1. The yield. of monobromo derivatives is essentially temperature-independ- 
ent. This indicates a true excited reaction, i.e. the course of the substitu- 
tion of an inactive atom by a radioactive atom is controlledentirely by the fact 
that the latter has an energy far above normal thermal values, so that it does 
not matter whether the reacting molecule is at a high or a low temperature. 
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TABLE XII.- HOT ATOM CHEMISTRY OF PROPYL BROMIDES 


(a) Percentage yields of different reaction products. 


Chemical Irradiation conditions 


Pure liquid Solid Solutions of 
25°C. -195°C. |bromine 1g./100cc. 


fraction 


n-Propyl isoPropyl bromide 
bromide n-Propyl bromide 
1: 2-Dibromopropane 
1: 3-Dibromopropane 
R 


is oPropyl isoPropyl bromide 
bromide n-Propyl bromide 
1: 2-Dibromopropane 
1: 3-Dibromopropane 
R 


(b) Effect of added bromine on retention: isopropyl bromide. 


Concentration (g./100cc.) 3-5] 1.0] 0-35] 0.035 
Retention (%) 22-7 | 2164 | 26-5 | 39-4 


(c) Effect of standing in dim light for 24 hours after irradiation: n-propyl eeomide with 
0.7g. free bromine per 100cc. 


isoPropyl bromide 
n-Propyl bromide 


1: 2-Dibromopropane 
1: 3-Dibromopropane 
Water phase 


(d) Effect of excluding air and of continuous extraction during irradiation of n-propyl 
bromide. 


Fraction Usual Air Continuous 
procedure excluded extraction 


isoPropyl bromide 
n-Propyl bromide 

1: 2-Dibromopropane 
1: 3-Dibromopropane 
Water phase 


2. n-Propyl and isopropyl isomers are formed in a ratio 2+4:1 from both 
normal and isopropyl mother molecules. This is taken to mean that the newly 
formed radioactive propyl bromide, whatever the initial configuration of the 
propyl radical, is energetic enough to be able to isomerize to an ‘equilibrium’ 
configuration appropriate to very high temperatures. | 

3. The yield of dibromo derivatives is much higher in the solids (=195°C.) 
than in the liquids (room temperature). This is an indication that in low 
temperature solids it is much more difficult than in liquids for an epithermal 
radioactive bromine atom to escape from any small region in the lattice. Hence 
there is increased probability of combination with a free radical from which it 
has ejected a hydrogen atom in a previous collision. From the existence of 
this effect, the authors predict that a rather sharp change in yield would be 
expected merely on cooling just through the melting point. 
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4, The retention of active bromine is greater in n-propyl than in isopropyl 
bromide. This may be due to more effective ‘shielding’ of the inactive bro- 
mine by the rest of the molecule in isopropyl bromide. 

5. Addition of ordinary bromine to the irradiated liquid greatly reduces 
retention. This is presumably due to exchange between excited active bromine 
atoms and molecular bromine, a process which is likely to be more efficient 
than exchange with organically-bound bromine. 

6. In the presence of bromine in the irradiated isopropyl bromide, there is 
inversion of the usual ratio of yield of the normal and iso-isomers which seems 
to have no simple explanation. 

7. There is an increase in retention if the target liquid is kept ina dimly 
lit room for 24 hours after irradiation before carrying out the extraction process. 
This may be due to a photochemical or ORS Rctag eee chain bromination of 
the alkyl halide.*® 

Electrical experiments relevant to the development of the theory of excited 
atom reactions were made by two workers who bombarded ethyl bromide in the 
gas phase at about 3 microns pressuré with slow neutrons and observed the 
deposition of radioactive bromine on electrically charged plates. All three 
activities °°"Br (4-4-hr.), *°Br (18-min.) and **Br (34-hr.) were observed and the - 
authors were able to infer the proportion of each species which was initially 
present as positively charged ions, the remainder being formed as neutral 
atoms. For the isotopic species mentioned, these proportions were 12%, 20% 
and 25% respectively.*® 

The direct production of organic bromides has been achieved using the 
uranium pile at the Atomic Energy Research Establishment, Harwell, as the 
neutron source. This made it possible to prepare very strong sources of many 
organic bromides, if necessary in carrierefree state, Separations being achieved 
by distillation or by chromatography. Irradiation of mixtures of methyl bromide 
and benzene gave the following compounds, all tagged with Br: methyl brom- 
ide, dibromoethane, bromobenzene and  dibromobenzene. Carrier-free 
methyl bromide was best prepared by refluxing a mixture of acetic acid and 
10% of dibromobenzene during irradiation, and sweeping out the methyl 
bromide continuously with a stream of air. After purification in a simple 
train the methyl bromide was finally frozen out into a cold trap; up to 50 
millicuries could be so obtained with an unweighable amount of carrier ma- 
terial.® 

Various bromo-olefines, such as CH,Br.CH:CH,, have been used as reagents 
for the capture of excited bromine atoms formed by neutron absorption in 
gaseous hydrogen bromide. With a pressure of this gas of 180 mm. anda 
pressure of olefinic bromide of from 1 to 25 mm., the yield of radioactive 
olefinic bromide was about 80%. In the liquid phase, using ethyl bromide 
and 1% vol./vol. bromo-olefine, yields varied between 25 and 50%. The — 
authors suggest that the mechanism of this reaction is essentially an exchange: 


Br. + CH,=CBr—CH, —> Br CH,-C —CH, 


H Br 
+> Br CH,-C -CH, —> Br°CH,-CH=CH, + Br 
Br j 


That such isomeric changes must occur is shown by the fact that when any 
one of the three isomeric bromopropenes is added (1%) to the bromobenzene 
and the mixture is neutron-irradiated, the activity distribution is approximately 
22% 1-bromopropene, 3% 2-bromopropene, 75% 3-bromopropene.*® 

A study had been made of the effect of temperature on organic yield of . 
radioactive bromine formed by (n,y) reaction on dichlorodibromomethane, tri- 
chlorobromomethane, carbon tetrabromide, and solutions of bromine in carbon 
tetrachloride. Except with carbon tetrabromide there is an increase in yield 
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as the temperature is lowered, in some cases with a probable discontinuity at 
the melting point. Actual figures are given in Table XIII. 


TABLE XIII.- ORGANIC YIELD OF RADIOACTIVE BROMINE 
IN (n, y) REACTIONS 


Dichlorodibromo- Trichlorobromo- Carbon Bromine in carbon 
methane methane tetrabromide tetrachloride 


Temp<C. |% organic] Temp°c. |% organic| Temp°C. '% organic| Temp°c. [% organic 
yield - yield yield yield 
88 27 


40 
44 Dp. oD. = 
50 : 


The effect of changes of phase and of temperature on the nature of the 
organic products was also studied and the results are given in Table XIV.*° 


TABLE XIV.- EFFECT OF CHANGES OF PHASE AND OF TEMPERATURE 
ON THE NATURE OF ORGANICALLY-COMBINED BROMINE FORMED BY 
(n,y) REACTION ON TRICHLOROBROMOMETHANE 


Chemical form __ Organic yield % 
25°Ce ots 80°C, 
Peay URU Rais aid. e920 | 


CouBr ie” 
CCl,Br, 
Higher boiling 


28 


EXCITED BROMINE ATOMS FORMED BY ISOMERIC TRANSITION 


In the case of the bromine isotope of mass 80, formed by neutron absorp- 
tion in the naturally occurring Br, the situation is complicated by the pheno- 
menon of nuclear isomerism because there exists, in addition to the *°Br 
nucleus which decays by @=emission with a half-life of 18 minutes, a nucleus 
of higher energy content denoted by *°™Br(m = metastable). This nucleus 
changes by what is known as ‘isomeric transition’, with the emission of 
quantum radiation, to the “Br nucleus, itself having a half-life of 4-4 hours. 
Physical evidence for the assignment of both these periods to the one nuclide 
has been presented.*° | 

That the isomeric transition of the nucleus might be invoked to explain 
observable chemical changes was pointed out by two independent groups of 
workers.*»*? They supposed that if the y-ray energy were large enough, say 
100keV., the daughter *°Br nuclei would undergo recoil just as in the case of 
the (n, y) reaction, which produces both isomers (as well as 82Br from **Br), 
Alternatively, if the y-ray energy were too small to give sufficient recoil to 
the Br nuclei, it might be that instead of y-ray emission the process of 
internal conversion was taking place; in which electrons from the K shell or, 
more rarely, from the L or even the M shell of the atom were ejected. In this 
case the momentum imparted to the recoil atoms would be considerably larger 
than if only a y-ray were emitted. The energetics of this process have been 
discussed.***? 

The question soon arose as to whether the chemical effects noted by 
Segre, Halford and Seaborg, and also by De Vault and Libby,*%** could be 
quantitatively related to what was known about the *™Br transition. When 
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the first chemical work was done, very little was known about the transition, 
but over the next few years both chemists and physicists were attracted by the 
problem. A good deal of confusion exists in the literature because both sets 
of investigators obtained mutually inconsistent results, and it seems best to 
deal briefly first of all with the physical evidence in historical sequence, and 
then to return to the chemical evidence mentioned above, following it through 
to the final resolution of the discrepancies. 


PHYSICAL DATA ON THE *°"pr — °*°Br TRANSITION 


Electrons from internal conversion processes in *°™Br were reported by 
workers using a magnetic P-spectrograph. At first they reported electron 
energies of 44 and 33-5 keV. and possibly a weaker line at 21-5 keV. Later 
these figures were slightly modified as more accurate experiments were made.“* 
These results are shown in Table XV. 


TABLE XV.- CONVERSION ELECTRON ENERGIES IN 
THE "pr — ° Br TRANSITION 


Electron energy: Conversion | yray energy deduced: 
kev. in shell kev. 


37-1 or 25-3 


} 48.9 + 0-4 


The uncertainty in the lower y-ray energy arises from the fact that elec- 
trons of energy 23-6 keV. would be given either by a y-ray of 37-1 keV. con- 
verted in the K shell, or by a y-ray of 253 keV. converted in the L shell. 
Conversion of a y-ray of 37-1 keV. in the L shell would unfortunately give an 
electron line indistinguishable from the K shell conversion line from the 
48-9 keV. y-ray. Nevertheless, it is clear from later work (see below) that 
the former alternative (a 37-1 keV. y-ray) is the correct explanation. 

Similar results were obtained by other workers using a similar technique. 
They reported that the most energetic line of electrons they observed corres- 
ponded with a y-ray energy of 48 keV. and, moreover, that all the y-rays were 
in fact converted.** However, experiments using a cloud-chamber at first 
put the highest energy y-ray at 43 keV. with a conversion coefficient of only 
0-3. Later the energy was amended to 47 keV. and the conversion coefficient 
to 0-43.**© (Some confusion exists as to the definition of the term ‘conversion 
coefficient’. It is here taken to denote the fraction of transitions of any one 
energy with which conversion electrons are associated, i.e. the ratio (number 
of conversion electrons)/(number of conversion electrons plus y-rays)). 

Meanwhile workers using Geiger counters and selective absorbers con- 
cluded that the decay scheme should be expressed in the following way: first 
of all the ®°°™Br nucleus falls to,a lower energy state by emission of an almost 
totally internally converted y-ray of 48 keV., which is then followed by a 
second y-ray in cascade of 37 keV., which is internally converted to the 
extent of about 0.50.4” 

Finally, experiments with coincidence counters were made, which con- 
firmed the latter work and extended it as shown in Table XVI** (page 1123). 

There is thus a great discrepancy between the observed total ratio of 
conversion electrons to 49 keV. transitions (a total of 1-0 to 1) compared with 
the cloud-chamber value (0-43), which undoubtedly reflects the difficulties, 
due to geometrical factors, in using the cloud-chamber as a ‘counter’ of nu- 
clear events. 
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TABLE XVI.- CONVERSION COEFFICIENTS IN 
ompR, >» %Rr TRANSITION 


Proportion converted in Total internal : 
K shell L shell conversion 


0-88 1-12 
0-34 0-05 


CHEMICAL EFECTS OF THE °"Br —> °Br TRANSITION 


It is now clear from the physical evidence that a purely mechanical recoil 
mechanism cannot explain bond rupture, since the energy of the recoiling *°Br 
atom, even assuming a 48 keV. conversion electron, is too small. If Em is 
the energy of recoil in electron volts, Ee the electron energy in MeV. and M 
the atomic mass, it may be shown that 


M36 Re ae SAl Ke 
Pe Measiorrr er ain 


This is, for example, less than one fifth of the C=-Br bond energy. 

It is convenient to consider the chemical experiments in order, taking the 
purely inorganic experiments first, and then those involving organic compounds. 

In one investigation solutions containing °°™Br as bromate ion were pre- 
pared, and to these were added, after different time intervals, solutions of 
bromide ion which was then precipitated with silver ion. The silver bromide 
separated showed the 18 minute decay ascribed to the daughter *°Br. By 
noting the times between successive experiments and calculating the counting 
rate of the precipitate at the instant of formation, it was proved that the 18 
minute body was being formed in the solution at a rate agreeing with that 
expected for the growth of an 18 minute daughter activity of a parent 4-4 hour 
activity. This separation of nuclear isomers and certain others, carried out 
independently and described later, using bromoform and also tert.-butyl bromide 
were the first to be reported by purely chemical methods.*? 

If a solution containing ®°™Br” in equilibrium with daughter *°Br is placed 
in contact with finely divided silver chloride, the concentration of the daughter 
®°Br in the solution adjusts itself to rather more than corresponds to radio- 
active equilibrium, while that on the surface of the silver chloride is corres- 
pondingly less. This is interpreted as indicating that some of the daughter 
atoms, upon formation from parent atoms adsorbed on the surface of the silver 
chloride, are ejected into the body of the solution and decay there before 
they can be re-adsorbed.** 

If a mixture of gaseous bromine tagged with *°™Br is mixed with hydrogen, 
‘the yield of H®°Br is effectively zero.*° 

From aqueous solutions of bromopentamminocobaltic ion and bromoplatinate 
ion containing ®°°™Br the complexes may be precipitated as the nitrate and the 
ammonium salt, respectively, and the growth of 18 minute activity in the pre- 
cipitates observed. The fraction of the *°8r retained in combination in the 
complex ion in solution can thus be determined. Alternatively, the solid salts 
may be dissolved and immediately reprecipitated, the growth of the 18 minute 
activity again being followed, so that the fraction of *°Br retained in the com- 
plex in the solid state can be calculated. The results of such experiments 
are given in Table XVII (see page 1124). 

Clearly, with the cobalt complex in solution, all *™Br — Br transitions 
remove the **Br atoms from the complex ions, but in the solid 14% of these 
re-enter the same, or other, complexes. With the platinum complex, however, 
this is not so; the percentage retention is probably not dependent on concen- 
tration of the solution, and in any case one would not expect re-entry at these 


e 
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TABLE XVII.- RETENTION OF ®°Br IN COMPLEX IONS 


% Retention 


Complex 
| [Co(NH,),Br]** 


Concentration 
0-01M. 


[Co(NH, )-Br] (NO,), solid 
PROBA 2s 0-00166M. 
0-0005 M. 
0-0005 M.with 0.003 
j M-Naber 
(NH,),[PtBr,] solid | 


very low dilutions. Many more results with these, and other, complexes are 
desirable.™ 

In the first study of reactions involving organic compounds, 4:4 hour *™Br 
was made by neutron activation of ethyl bromide, and used with ordinary 
bromine carrier to synthesize tert.-butyl bromide. This compound was dissol- 
ved in aqueous methyl alcohol and then re-extracted from the solution with 
benzene. Bromine ion carrier was then added to the remaining aqueous phase 
and precipitated with silver ion. The precipitate showed an 18 minute decay, 
proving that isomer separation had occurred. It was pointed out at the time 
that the y-ray emitted in the *°™Br -» °*°Br transition would almost certainly 
be much less energetic than that commonly found in (n, y) reactions. Thus if 
the energy. were of the order 100 keV., the recoil momentum given to the *°Br 
nucleus would be insufficient to account for bond rupture. If, however, such 
a y-ray were strongly internally converted, a K or L electron being ejected 
from the bromine atom, the recoil momentum ‘from this would be much larger, so 
that chemical effects similar to those used in the Szilard-Chalmers techniques 
would be observed. As has already been remarked, the physical evidence 
finally rejects both these mechanisms.** 

The foregoing report was followed immediately by another in which it was 
found that the lower active state (®*°Br) activity could be precipitated with 
bromine ion carrier from bromate solutions containing *°™ BrOj, and also sep- 
arated by extraction with water from bromoform containing CH®°™Br. These 
authors also explained their results by postulating a recoil effect from a 
highly converted y-ray in the PRT > Brttansiione 4 

An investigation has been made of the yield of ®*°Br in water-soluble form 
produced by *°™Br decay in ethylene dibromide mixed (after irradiation with 
neutrons) with 5% of aniline. The mixture was left before extraction long 
enough for all the initially-formed 18 minute activity to have decayed. Never- 
theless, this activity was found in the a Aqueous extract, and by following the 
rate of re-growth of the extracted activity in the organic layers, the authors 
were able to calculate that about 90% of the transitions occurring in ethylene 
dibromide must lead to water-soluble bromine.** This figure is even higher 
than that quoted above for the yield of inorganic bromide, ®°°™Br + °°Br, formed 
by neutron capture in ethylene dibromide (59%)?* | 

When gaseous hydrogen bromide (10mm.) containing *™Br is mixed with | 
acetylene (30mm.) and allowed to decay partially, about 70% of the *°Br 
daughter activity enters organic combination. This was shown by shaking the 
gaseous mixture with water and comparing the activities in the two phases.”** 

When bromine tagged with all three radioactive species, *°™Br, “Br and 
**Br, is dissolved in carbon tetrachloride, only the ®°™Br enters the organic 
molecule, and moreover the rate of proweh of activity (presumably CCl§°Br) 
is in accordance with its production from a 4°4 hour parent activity. The 
yield of organically combined *°Br is between 30% and 40% of the rate of *°Br 
production from *°™Br. Studies of the reaction at different temperatures in- 
dicated that temperature has no certain effect, except that below the freezing 
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point (experiments at -50° and 190°C.) the yield is only ~10%, It was pointed 
out that, although the recoil energy of the bromine molecule as the result of 
yetay emission corresponds to only 0-2 kg.-cal. per mole, the ejection of a 
conversion electron will give a recoil energy of about 3-7 kg.ecal. per mole. 
Neither figure is sufficient to account for interaction of the bromine atom and 
a carbon tetrachloride molecule. It was therefore suggested that conversion 
electron emission, followed by emission of X-rays and Auger electrons, might 
leave the bromine in an electronically excited state which enabled reaction to 
occur, Alternatively, free active bromine atoms might be formed with high 
kinetic energy.°%? It may here be explained that after the emission of a 
conversion electron, e.g. from the K shell, an electronic rearrangement in the 
atom is inevitable, the vacancy being filled by an electron from an outer shell, 
with the emission of a characteristic X-ray. Such an X-ray may be energetic 
enough to cause ejection of a further electron from, say, the outermost electron 
Sshell.. This process is known as the Auger effect, and any ejected electron 
(after the original conversion electron) is referred to as an Auger electron. 
There would appear to be no reason, based on energetic grounds alone, why 
electrons involved in valency bonds in a compound should not take part in the 
process, in which case chemical reaction of some sort would always occur; 
on the other hand the observation that conversion electron emission is very 
often followed by chemical reaction does not necessarily prove that valency 
electrons are always directly involved in the Auger effect. 

Further experiments, discussed in a second paper on this topic, concerned 
the reaction of bromine containing ®*”Br with carbon tetrachloride in the gas 
phase. The yield of organically-combined bromine was less than 2% over a 
range’ of temperatures (95° and 180°C.) and pressures (90 to 150mm.). In 
other experiments *™Br was incorporated into cinnamic acid dibromide which 
was then dissolved in (liquid) carbon tetrachloride, when it was found that 
about 50% of the ®°Br daughter was substituted into the carbon tetrachloride. 
Other experiments which showed decomposition of gaseous ethylene dibromide 
(8 Br) and substitution of bromine in mineral oil, were mentioned but not 
discussed in detail. The author made suggestions regarding the possible 
reaction mechanisms in which ®*°Br might take part, including a consideration 
of the possible production of free radicals by secondary processes following 
ionization caused by the conversion electrons. It is, however, concluded 
that reaction cannot be expected in any case unless a conversion electron'is 
emitted, and as the author was able to repeat the observations of others on the 
effect of added aniline, he concluded that the then currently accepted value 
of 0-3 to 0-4 for the conversion coefficient must be much too low.°>* 

Experiments in which inactive tribromides of arsenic or antimony or phos- 
phorus pentabromide were dissolved in neutron irradiated ethyl bromide, 
which had been kept long enough for the initially-formed *°Br to have decayed 
virtually completely, showed that on volatilizing the organic bromide the 
residue of inorganic bromide carried an 18 minute activity, i.e. it had selec- 
tively exchanged with the *°Br isomer. Similar results, but with a lower 
yield, were found for crystals of mercuric bromide and potassium bromide and 
for metallic silver, mercury and gold. 

Again the difficulty of accounting for these reactions by a purely mechani- 
cal recoil mechanism is pointed out, even if allowance is made for conversion 
of the y-ray. It was concluded that the process must involve some electronic 
rearrangement following loss of the conversion electron.** 

In a series of thirty-two experiments measurements were made of the 
fraction of *°Br daughter atoms escaping from their parent molecules under 
various conditions. Several organic bromides, and also bromate ion, were 
synthesized with °°™Br, the daughter *°Br being ‘isolated in water-soluble form 
or precipitated as silver bromide. In no case was the yield greater than 
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95+4%, for ethyl bromide in the gas phase, the next higher being 89+4% for 
ethyl bromide in ethanol solution. In view of the picture which has been 
built up of the nature of the underlying nuclear and electronic processes, it is 
tempting to try to relate the chemical yields to the value of the conversion 
coefficient; in particular it seems reasonable that the latter should be at 
least as large as the fraction of the molecules reacting chemically, since this 
fraction may be depressed by the occurrence of recombination reactions. On this 
basis it appears immediately that the value of the conversion coefficient (0-43) 
deduced from the cloud chamber studies must be too low; at the same time 
the value of 1-00 from the absorption experiments is not quite convincingly 
confirmed either. It is clear from the experiment with ethyl bromide in the 
gas phase that bond rupture between the bromine atom and the rest of the 
molecule occurs in about 95% of all cases of activation; in the liquid and 
solid phases it is to be expected that some recombination would occur as the 
fragments of the molecule cannot easily move far from the site of the reaction, 
so that effective chemical yields of less than 95% are explicable. On the 
other hand recombination in the gas phase is hardly likely to be appreciable, 
so that if the true value of the conversion coefficient is 1-00 a maximum 
chemical yield of. 100% should be realizable. It is difficult to say whether the 
discrepancy has any real significance.*® 

In a further and more detailed paper the same authors studied the extract- 
ability into aqueous solution of ®°Br from organic compounds containing ®™Br, 
and found the upper limit to be 85%. One suggested explanation was that 
15% of the upper state *°™Br atoms decay by Beemission to the stable *°Br. 
With the remaining 85% molecular breakdown occurs without exception because 
of loss of electrons due to the conversion process and the Auger effect. This 
85% corresponds to the maximum chemical yields. Approximate calculations 
led the authors to conclude that in at least 15% of the conversion transitions 
all the valence electrons must be lost to the bromine atom; in more than 60% 
the loss is at least four electrons, less than 10% lose only two electrons, and 
less than 2% lose only one. It may be, however, that these two latter groups 
account for a substantial part of the 15% of unextractable bromine. At any 
rate, it seems plausible that the loss of so many electrons (at least three in 
90% of the transitions) will lead to bond rupture. This may be regarded 
simply as a coulombic repulsion effect, the excess of positive charge distri- 
buting itself among different atoms in the molecule, or perhaps the process 
is more accurately described by saying that the bonds in the molecule cease 
to exist as the electrons constituting them are removed. The role played by 
the Auger effect in this connection has been given an approximate quantum 
mechanical treatment, showing that the *°R: atoms might be expected to attain 
an average of 4-7 positive electronic charges.*’ 

The experimental data obtained in this work may be summarised under 
three headings: (a) gaseous phase reactions, (b) extraction methods for bo 
in liquid phase reactions, (c) capture of daughter ®°Br by organic molecules. 

(a) Gas phase rections were carried out with ethyl beomice (in one case 
with ethylene dibromide) synthesized with “°"Br. In the first series, decay 
was allowed to proceed in the presence, and also in the absence, of water 
vapour, argon or air, after which the percentage of daughter activity removable 
into water (or in ome case concentrated sulphuric acid), was determined. 
The average extraction was 55%. In a second series of experiments, with 
a much greater range of pressure of organic bromide, the non-organically-bound 
daughter °°Br was extracted by vaporizing a small amount of inactive bromine 
into the gas phase and then spraying in a dilute aqueous solution of sodium 
sulphite. This reagent removed an average of 80% of the activity. The 
authors conclude that *°Br atoms are formed in at least 80% of the transitions, 
but that some of these (about 25% of the total activity), while they will ex- 
change with molecular bromine, are not extractable into water. 
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(b) In studying extraction methods for *°Br in liquid phase reactions, 
experiments were carried out with ethyl bromide, 2:3-dibromopentane, tert- 
butyl bromide and bromobenzene, all containing ®°™Br, some in the pure state 
and others in mixtures with alcohol or carbon tetrachloride or both. The 
percentage of water-extractable *°Br was lowered, other things being equal, 
by the presence of carbon tetrachloride, in confirmation of the earlier work 
already mentioned. The best yields of water-soluble *°Br (89+5%) were 
obtained from ethyl bromide (0-2 volume) in 95% ethanol (100 volumes), and 
from bromobenzene (1 volume) in 95% ethanol (100 volumes). These are 
somewhat larger than the yield of *°Br precipitable as silver bromide from 
*°mBr bromate solutions (66—80%). Solid ethyl bromide at -184°C. gave a 
yield of extractable *°Br of 21%, compared with 43% for the liquid at 0°C., 
using water as the extracting agent; with bromine and bisulphite the extraction 
was 58%. This last observation confirms that made for the gas-phase reac- 
tion. 

(c) To study the capture of ®°Br daughter by organic molecules, ®*™Br, as 
elementary bromine, was allowed to decay in solution in various mixtures of 
carbon tetrachloride and carbon disulphide. After a suitable interval the 
bromine was removed by shaking either with mercury or with aqueous sodium 
sulphite. The activity remaining in the organic layer was 34% for pure carbon 
tetrachloride and 9% for pure carbon disulphide, while mixtures of the two gave 
intermediate values. With mixtures of carbon tetrachloride and alcohol, the 
organically combined *®°Br fell from 34% (pure carbon tetrachloride) to 0.9% 
for 89 mole % ethanol with 11 mole % carbon tetrachloride. 

An experiment was also carried out to see whether charged °®°Br atoms 
existed for appreciable times in ethyl bromide: a series of aluminium plates 
suspended 1-3 mm. apart in the vapour at 328 mm. pressure were charged 
alternately positive and negative with a potential difference of 103 volts. 
After four hours there was no detectable difference in the deposited activity 
on the several plates. This means either that equal numbers of positive and 
negative *°Br ions must be formed, or that the charges must be neutralized by 
collision processes in which electrons are transferred in less than the col- 
lection time (about 10°* second). 

It has been suggested that the incompleteness of extraction of *°Br by 
water, as compared with aqueous reducing agents, might be due to part, at 
least, of the daughter bromine remaining as single atoms rather than combining 
to give molecular bromine. This is perhaps not improbable when one considers 
the extreme dilution (10°** molar, i.e. about 10® atoms/cc., at which concen- 
tration even in the gas phase an atom undergoes only about two collisions 
per minute). If the activity were present as molecular bromine one would 
expect extraction into water to be complete owing to the hydrolysis 


Br, + H,O -—> H* + Bry + HBrO 


which will be 99% complete for neutral bromine solutions less than 10°‘ molar, 
or for acid solutions 10°? molar. The possibility of the radioactive bromine 
being present in the molecular form may therefore be ruled out. It should 
however be noted that the presence of ordinary non-radioactive molecular 
bromine, present as an impurity at concentrations greater than those quoted, 
would have the effect of inhibiting complete hydrolysis of radioactive mole- 
cular bromine, since the two species although radioactively distinct are of 
course chemically identical. The authors reject this possible explanation 
also, at least as far as neutral solutions are concerned, on the grounds of 
their belief that the concentration of impurity molecular bromine could not 
have exceeded 10°° molar. 

An alternative hypothesis to account for the incompleteness of extraction 
by water is that the *°Br might be present as free radicals such as CH,Br. 
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It seems rather unlikely however that such radicals, or for that matter free 
bromine atoms, would be insoluble in water. *® 

The ideas then current about the chemical effects of the *°™Br transition 
were discussed at the 21™© Congrés de Chimie Industrielle (Brussels, 1948). 
Some experimental work was described in which carbon tetrabromide was 
dissolved in ethyl bromide labelled with *™Br. After separating the two 
bromides, it was found that 20% of the daughter *°Br atoms were substituted 
in the carbon tetrabromide. It was pointed out that there is a very close 
formal parallelism between the reaction mechanism to be expected assuming a 
‘recoil’ process and that assuming that *°Br atoms are produced with a high 
positive charge.*° 

A comparison has been made of the yield of organically combined radio- 
bromine formed by the internal transition *°°"Br -—> ‘Br, with that formed by 
neutron activation of mixtures of bromine and tetrachloroethane and of bromine 
and carbon tetrachloride. The results are shown in Table XVIII. 


TABLE XVIII. - PERCENTAGE OF BROMINE WHICH ENTERS ORGANIC 
COMBINATION FOLLOWING NUCLEAR ACTIVATION 


Phase Activation | Concentration, or Yield of combined Br_ | 
gas pressures with C,CL,jwith CCl, 


Solution 0-7 mole % Br, 37 
Gas 30mm. Br, + 15mm. C,Cl, 0 
60 mm. Br, + 60mm. CCl, — 
0-1 mole % Br, 85 
3mm. Br, + 3mm. C,Cl, 19 
100 mm. Br, + 700mm. CCl, _ 


Solution 
Gas 


Other experiments showed that, while with neutron-activated bromine in 
carbon tetrachloride solution about 55% of the organically-combined bromine 
was found as trichlorobromomethane and the rest as higher-boiling compounds, 
the proportion as trichlorobromomethane from the internal transition reaction 
was about 70%, with the rest as higher-boiling compounds. 

A study of the yield of organically-combined radiobromine as a function 
of the mole fraction of bromine in carbon tetrachloride showed that the curve 
of yield against mole fraction of bromine ranging from 0 to 1 was slightly 
convex to the origin, *7°° } 

Experiments have been made on the electrodeposition on silver electrodes 
of radioactive bromine from neutroneirradiated ethyl bromide and ethylene 
dibromide. Without an electric field only the 4-5 hour period activity was 
detected, but when a potential of 115 volts/cm. was applied the 18 minute 
decay was observed in addition, on the anode. * 

Electrodeposition studies have alsobeen carried out using the Los Alamos 
‘water-boiler’ as the heutron source for irradiation of butyl bromide. This 
was dissolved in 10 times its volume of acetone and silver plates 4 mm. 
apart were immersed in the solution. These were removed after 15 seconds, 
washed with acetone, dried and counted. They showed an 18 minute decay 
followed by a 4*5 hour decay, indicating an enrichment of the *°™Br deposited. | 
Other experiments with an electric field between the plates increased both 
activities on the anode.© 

It is believed by some authors that the radioactivity acquired by silver 
electrodes immersed in neutron-irradiated organic bromides may be taken as 
a quantitative measure of their content of free, as opposed to organically- 
combined, radioactive bromine atoms.°"*? This technique provides a very 
sensitive method for the detection of *°"Br atoms in organic molecules, as a 
very high proportion of the daughter *°Br atoms may thus be presented to a 
counting instrument in what is virtually a weightless source (with a silver 
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backing). When neutron-irradiated ethyl bromide is mixed with inactive ethyl- 
idene bromide and the mixture separated again after a suitable interval, it is 
found that the ethylidene bromide as well as the ethyl bromide is brominated 
with °"Br atoms which in turn give free *°Br atoms. This proves that bromin- 
ation must occur in organic halides after irradiation ceases as well as during 
irradiation; assuming a unimolecular process, which seems reasonable since 
the organic halide molecules are always so greatly in excess, a figure of 
about 20 hours has been given for the half-period of this process. This 
‘subsequent synthesis’ undoubtedly goes on also during the neutron irradia- 
tion, but is not itself sufficient (by a factor of the order of ten) to account for 
the rather high yields of combined *°™ Br usually found (68% in a typical 4+5 hour 
bombardment of ethyl bromide; calculated yield from subsequent substitution 
process 7%).°° | 

In further experiments by one of the same authors ethyl bromide was ir- 
radiated alone and also mixed with five times its volume of lead tetraethyl; 
then the irradiated pure ethyl bromide was mixed with lead tetraethyl, and 
both mixtures were fractionally distilled to obtain pure fractions of ethyl 
bromide. The free radiobromine content of both samples was measured by 
the electrodeposition technique and the complex decay curves were resolved. 
While the activities of the 4-5 hour half-life and the 34 hour half-life were 
nearly identical, the 18 minute activity was found to be five times as great 
in the pure ethyl bromide target as it was in the mixture. Since sufficient 
time (2 hours) had elapsed after irradiation for all the originally formed *°Br 
to have decayed, about five times as many ®°™Br atoms must have been formed 
in the pure ethyl bromide irradiation as in the mixture, owing presumably to 
the experimental impossibility of ensuring the same bombardment intensity of 
the target liquids because of their difference in volume and chemical nature. 
Since only about the same number of free *°™Br atoms (and **Br atoms) were 
found in the two cases, it must follow that recombination reactions during 
irradiation were more efficient, by a factor of about 5, in the pure liquid than 
in the mixture.™ 

That the chemical nature of the target compound has an influence on re- 
combination during and after irradiation, was shown by experiments on ethyl 
bromide, ethylene dibromide, and bromoform. The total activity obtainable 
by neutron irradiation of equal volumes of these compounds (correcting for 
radioactive saturation) was proportional to the number of bromine atoms per 
cc. of liquid (approx. 1: 1-75 :2+56), but the number of free radiobromine atoms 
obtainable from irradiated ethyl bromide was about ten times that obtainable 
from bromoform.®* 

Further experiments with the homologous series from methyl bromide to 
n-hexyl bromide showed that there is an increase in ‘subsequent synthesis’ 
effects as one passes up the series, but superimposed on this general tendency 
there is a very marked ‘odd=even’ effect, molecules with odd numbers of 
carbon atoms giving much greater yields of free radiobromine (*Br and *?Br) 
than their neighbours on either side.*° 

It has been stated that *°Br is collected on the anode when gold electrodes 
are immersed in bromobenzene previously irradiated with slow neutrons. The 
efficiency of this process must, however, be less that 100%, as it was shown 
that the ratio of Br to *™Br formed during neutron irradiation of bromobenzene 
is greater than the relative amounts anodically deposited, after making due 
allowance for the transition of some of the *°™Br into *°Br during the irradia- 
tion and the electrolysis itself. Thus whatever the efficiency of collection 
of ®*°™Br (which may or may not be 100%), the efficiency of collection of *°Br 
is somewhat less.** | 

When ethyl bromide labelled with *™Br is agitated for half an hour with 
the exchange resin Amberlite IR4B, some separation of the bromine isomers 
may be effected.®’ 
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The efficiency of bond rupture in the "Br -> Br transition has been 
examined in experiments using *°™Br combined in methyl bromide. After 
allowing decay to proceed for a short time, the vapour was very quickly pumped 
through a soda-lime trap to remove free bromine and hydrogen bromide, and 
then condensed on a ‘cold finger’ trap surrounding a counter. Experiments 
both with and without added inactive hydrogen bromide showed that there was 
a scarcely detectable retention of the 18 minute activity in the methyl bromide. 
The conclusion reached is that there ~an no longer be any doubt that bond 
rupture does occur in essentially all cases of *°™Brdecay. That this does 
not seem to happen in liquid reactions can only be due to recombination re- 
actions of some sort which are inhibited in the gas phase by the ready escape 
of the freed bromine atoms from the rest of the molecule.®* | 

The electric charge on *°Br atoms formed in the transition from ®°’Br has 
been deduced from measurements of the activities deposited on electrodes in 
gaseous ethyl bromide labelled with °°™Br. It was concluded that rather more 
than 50% of the ®°Br atoms are positively charged and the rest are neutral.” 
This is to be compared with the rough calculation that at least 98% of the 
®°Br atoms should be positively charged.** 

Unsuccessful attempts have been made to find by chemical means whether 
the ®°Br excited atoms formed in liquid ethylene dibromide containingC,H*°"BrBr 
were present as bromide ions or as neutral atoms or molecules. These ex- 
periments did, however, show that the effects of temperature and change of 
phase on the production of substitution Peace noted with the propyl bromides 
are paralleled with ethylene dibromide.’ 

The yield of organically-combined ®*°Br in bromotrichloromethane labelled 
with ®°"Br has been studied over a wide range of temperature. The yield 
increases slightly as the temperature is lowered from room temperature to the 
melting-point (-5°C.), at which temperature it increases abruptly; a further 
gradual increase is observed in the solid phase down to -80°C. The actual 
figures are given in Table XIX.*? 


TABLE XIX. - ORGANIC YIELD OF ISOMERIC TRANSITION 
BROMINE IN CC1,Br 


Temperature, °C. 


Organic yield, % 


The electrodeposition of *°Br atoms formed from *°™Br in ethyl bromide 
has been studied, using electrodes thin enough to be used.as the windows of 
Geiger=-Mtiller counters. In this way the activity of the deposit was measured 
continuously during electrolysis. It was found that at first the 18 minute 
bromine was collected exclusively at the anode, but after about 10 min. the 
reverse was the case. The explanation of this phenomenon is that the liquid 
at first contains negative ions, such as inactive Br, which may be present 
either as impurities or produced by ionization processes during the neutron 
bombardment. Then, whatever the initial charge of the excited ®°Br atom im- 
mediately on formation, they can undergo charge exchange to become “°Br’, 
and will be collected on the anode. When, however, all the negative ions 
have been collected, the excited *°Br atoms must remain in their original state 
of charge, and this is shown to be positive by their collection at the cathode.” 


CHEMISTRY OF BROMINE FORMED BY 8 ~DECAY OF SELENIUM 


Experiments have been made to determine the state of oxidation of **Br 
(30 min.) and of **Br (2-4 hours) formed by B-decay of *Se (25 min.) and *Se 
(2 min.), the selenium being present in aqueous solution as selenite or as 
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selenate ion. In view of the exchange reactions undergone by elemental 
bromine, it was possible to distinguish only between a ‘reduced form’ (i.e. 
Br, Br,, BrO”) and bromate. Table XX gives the results obtained.7¥”3 


TABLE XX.- PERCENTAGE OF BROMATE FORMED IN 6-DECAY OF SELENIUM 


_ Isotope and Carriers 
chemical form present Bromate % 


®88Se, SeO, ~ 7-0 


*8Se, SeO, ~ 7.2 
Se, SeO, ~ 7.2 
88Se, SeO, ~ 7-0 
*8Se, SeO, ~ 6-6= 70 
®8Se, SeO,”~ 10-6= 11-2 


IODINE 


With iodine consideration must be given to the reactions of ***I (25 min.) 
formed by slow neutron capture in the stable isotope ‘I, and also to the re- 
ported production of **7I (2-4 hours) in the B-decay of 132T (77 hours). 


CHEMISTRY OF *“I PRODUCED BY SLOW NEUTRON CAPTURE IN °7J 


When solid sodium iodate, or periodate, is irradiated with slow neutrons 
and then dissolved in water, a large proportion (70-90%) of the induced ac- 
tivity follows the chemistry of iodide ion or iodine being co-precipitated with 
silver iodide.***4 

In other experiments it has been confirmed by precipitation and counting 
of lead iodate that the rest of the activity remains as iodate ion.” The first 
report on ***I, however, is the well-known note by Szilard and Chalmers? to 
which reference has already been made. These authors irradiated ethyl 
iodide with slow neutrons and found that a very large proportion of the radio- 
iodine could be extracted with aqueous solutions of iodide ion. Many workers 
later confirmed this fundamentally important observation.” 

That the radio-iodine formed in organic halide irradiations is epely in 
the ionized state (I) was shown by experiments with smooth copper electrodes 
dipping into the liquid during irradiation, the radioactivity being collected on 
the anode. The effect was shown for the following liquids: methyl iodide, 
ethyl iodide, butyl iodide, methylene diriodide and iodobenzene. 

There seems little doubt that the essential process involved is the pres- 
ence in the liquid of iodide ion with which the newly-formed ***I atoms could 
exchange. If special precautions are taken to remove all ions initially 
present, e.g. by electrolysis of the liquid before irradiation until its conduc- 
tivity falls to zero, it is found that no activity can be deposited on either 
electrode after irradiation, On the other hand, if ‘zero conductivity’ ethyl 
iodide is so treated asto produce iodine atoms in it, the effect of collection 
of *8] on the anode reappeared. Such treatments were, e.g., standing in 
sunlight for several days, passing hydrogen iodide into the liquid, or adding 
a little iodine followed by sulphur dioxide. In one experiment the radioactive 
iodine collected was 100% of that formed. The effects of stirring and of 
using other electrodes, i.e, platinum and silver, were investigated briefly.”” 

Substitution reactions similar to those found for chlorine and bromine also 
occur in organic iodide irradiations. Thus when methyl iodide is irradiated, 
both at room temperature and at -195°C., 11% of the radio-iodine is found as 
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methylene di-iodide, the remainder being about equally distributed between a 
water-soluble fraction and methyl iodide. In these experiments, aqueous 
solutions of iodide containing sulphur dioxide were used as the extractant. 
When solutions of iodine in ethyl alcohol are irradiated, small yields are 
obtained of radioactive methyl and ethyl iodides. Solutions of iodine in 
acetic acid also give radioactive methyl iodide. An irradiated mixture of 
methyl iodide and benzene gave a 15% yield of radioactive iodobenzene. 
Radioactive methyl iodide may be prepared by passing air saturated with the 
vapour through irradiated solutions of iodide ion. in acetic acid.*%”° 

Various techniques designed to give almost carrier-free activities of the 
water-soluble radioriodine have been devised. The percentage of the total 
activity which may be obtained from ethyl iodide in this way appears to be 
less than when a carrier is used, but very high specific activity of the ir- 
radiated liquid may be achieved. Some authors have used pure water for the 
extraction of irradiated ethyl iodide,’? but better results have been obtained 
using aqueous hydrogen sulphide, which gives an enrichment factor greater 
than 10°,”’? and by adsorption on to active charcoal*®s’® for which an enrich- 
ment factor of about 10° is claimed. There is some doubt, however, whether 
such extremely high enrichment factors can really be achieved since some 
radiochemical decomposition of the target liquid by the y-ray flux and by 
ionization caused by knock-on protons: which are inevitably present in prac- 
tice, invariably leads to the production of free inactive halogen atoms. Never- 
theless, solutions of radio-iodine have been obtained so dilute as to give no 
visible precipitate of silver iodide. 

For other organic iodides, the presence of free halogen molecules in the 
irradiated liquid has no marked effect in increasing the yield of extractable 
tradio-iodide. Thus in Table XXI results are given for this yield, expressed 
as a percentage of total activity formed, when the following pre-treatments 
were given to the target liquid before irradiation: (a) none, (5) washing with 
aqueous thiosulphate, (c) addition of 1-3% free iodine. 

TABLE XXI.- EFFECT OF FREE HALOGEN ON THE YIELD OF 
EXTRACTABLE RADIO-IODINE FROM IRRADIATED ORGANIC HALIDES 


Target compound Pre-treatment | % activity extracted by 
5% sodium thiosulphate 


n-Butyl iorlide 


Iodobenzene 


The effect of adding small amounts (4%) of aniline before the irradiation 
is to increase the yield of radio-iodine extractable into aqueous media in 
one case studied, although the effect was not observable in others, as is 
shown in Table XXII (see page 1133). 

Itc seems curious that the increased extractability caused by the presence 
of aniline should be so much more clearly observed with chlorine and bromine 
isotopes than with iodine.*® 

The effect of dilution of the target liquid with a liquid not containing 
halogen has been studied by several authors. Thus it is found that when 
pure iodoform is irradiated with slow neutrons and then dissolved in alcohol, 
about 40% of the radio-iodine may be obtained in aqueous solution, whereas 
if the target is a 1-1 mole per cent solution of iodoform in pyridine the pro- 
portion extractable into aqueous media rises to 99%.? In some experiments 
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TABLE XXII.- EFFECT OF ADDED ANILINE ON THE EXTRACTABILITY 
OF RADIO-IODINE FROM IRRADIATED ORGANIC HALIDES 


| Target liquid | Added substance Extracting Mean % 
reagent {extracted 


n-Butyl iodide none 5% HCl 

4% aniline 5% HCl 
none 9% Na,S,O, 

4% aniline 5% Na,S,0, | 


Iodobenzene none 
4% aniline 
none 


4% aniline 


it was found that some radioactive iodine remains in organic combination; 
thus with iodoform about 60% of the activity is retained and with ethyl iodide 
37%. On the other hand irradiation of iodine solutions in pentane produces 
radioactive amyl iodides, the yield varying in different experiments between 
23 and 38%.7° 

A method has been worked out whereby the radio-iodine extracted from 
ethyl iodide may be co-precipitated with silver iodide and the count obtained 
used to indicate the strength (in arbitrary units) of the neutron flux employed. 
The ethyl iodide is either irradiated in the pure state and then extracted with 
0-03% potassium iodide solution, or it is irradiated with a little dissolved 
iodine (0-005 g.I/litre) and extracted with sodium sulphite solution. In the 
former procedure 58-9+3.6% of the active iodine is extracted; in the latter 
64.3+3-0%. The difference between these figures is explained by assuming 
that in the iodine-solution procedure iodine may inhibit the exchange reaction: 


1287 fa Sele el : 1277° af. Gd ie ma 
_by means of the reaction 


1287 me 1277 = : 1277° ce 12771287 
7 : 


the latter reaction being purely an exchange process occurring with thermal or 
near-thermal iodine atoms, as distinct from the unidirectional reaction, 


281 (recoiling) + *?71'?7] ——> ‘?7J'?8] + 47], 


The authors claim that by their method neutron fluxes may be compared 
with an error of about +0-5%.° 

Further work on the production of radioactive organic halides has been 
reported briefly whence it appeats that slightly higher yields (by about 5%) 
are obtainable from dilute solutions of ethyl iodide in various hydrocarbons 
than from iodine itself in the same hydrocarbons. This difference may be 
due to the operation of one or other of’the following effects: (a) the iodine 
ators in the solutions of iodine may be in large colloidal aggregates rather 
than as I, molecules, so that a considerable fraction of the **I atoms formed 
may be requeed to hearly thermal energies by collisions within the aggregate 
before they escape from it and have a chance to react with the organic mole- 
cules; (b) the presence of iodine molecules in the iodine solution may reduce 
the concentration of hydrocarbon radicals formed by collision processes with 
energetic **I atoms; (c) the presence of iodine molecules in the iodine 
solutions may give tise to exchange processes which have the effect of 
replacing some ‘**[ atoms by inactive "’l atoms. All these suggested mech- 
anisms tend to reduce the chance of synthesis of radioactive organic halide. 
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CHEMISTRY OF IODINE FORMED BY 6-DECAY OF TELLURIUM 


The yield of ***I, formed by decay of ***Te from tellurite and tellurate 
solutions 0°1N. in HNO,, which is obtained in a reduced state (I° or I,) and 
as iodate and periodate, has been studied and the results are given in Table 
80.4 Wt ler 


TABLE XXIII. - DISTRIBUTION OF +71 IN DIFFERENT 
VALENCY STATES FROM ***Te DECAY 


~ Chemical Percentage yield from 
form Tellurite ion | Tellurate ion 


Reduced state (T or I,) 


Iodate 
Periodate 
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Calcium aluminium iodate, 889 

—— bromate, 766 

—— —— magnetic susceptibility, 767 

—— chlorate, 578 

-—— chlorite, 573 

—— fluoride, cyclotron target, 1012 

— — synthetic, 142 

—— fluorosulphonate, 75 

—— hypobromite, 752 — 

—— hypochlorite, 559 

—— iodate, 889 

—— perchlorate, 609, 610 

— periodate, 904 

Calclacite, 264 

Caliche, 816, 821 

Caracolite, 263 

Carbides, reaction with hydrogen chloride, 

456 

Carbon, fluorination of, direct, 198 

Carbonyl bromofluoride, 151 

—— chloride, 379 

—— chlorofluoride, preparation of, 150 

— — fluoride, 213 

—— fluorobromide, 166 

—— iodofluoride, 151 

Carnallite, 689 

Castner cell, 293 

Catalysis, mechanism, 583 

Cells, diaphragm, 276, 311 

—— mercury, 293, 311 

Cement industry, 143 

Ceric perchlorate, 613 

Cerium fluoride, 64 

—— pericdate, 904, 905 

Ce:ous iodate, $91 

Charcoal, adsorption of iodine, 841 

Chloraluminite, 263 

Chloramine-7, 552 

Chlorapatite, 264, 354 

Chlorates, 576, 587, 592 

— corrosion of metals, 577 

—— decomposition, thermal, 582 

— determination, 584, 669, 673 . 

—— preparation, chemical, 576, 577 

— — electrolytic, 578 

—— production of chlorine monoxide from, 
523, 024, 020 

— properties, 580, 583, 586 

— reaction with sulphuric acid, 521 

— reduction by organic substances, 523 

— solubility, 587, 588, 589 

‘Chlorate ion, spectrum, 657 


| —— —— — energy terms, 656 


INDEX 


Chloric acid, 576 
—— — properties, 580 
— — spectrum, 654 
Chlorides, anodic oxidation, 597 
—— determination, electrometric, 662 
—— —— nephelomeiric, 664 
—— —— in presence of halides, 665 
— —— volumetric, 660 
— electrolysis of, 315 
— equilibrium of, with hydrogen fluor 
ide, 130 
—— hydrolysis of, 408 
Chloride ion, exchange with organic 
chlorides, 1019 
—— — spectrum, 655 
—— — — energy terms, 656 
Chlorine, active, 382 
—— atomic weight, 352, 353 
— biological properties, 68¢ 
— chemical properties, 373 
— — —reactions with bromine and 
iodine, 378 
— — — reaction with hydrogen, 373, 
391, 402 
—— — reaction with metals, 380, 
385, 386 
commercial, impurities in, 270, 290 
compounds with organic substances, 
370 
consumption of, 398 
determination, 660, 678 
—— in air, 677 
—— micro, 663 
—— in organic matter, 673 
— physical methods, 677 
— in water, 675 
discharge potentials of, 278, 279 
disinfection, 400, 687 
electrical and magnetic properties, 
345 
electron impact studies, 1093 
exchange with hydrogen chloride, 
1014, 1015 
— — oxides and oxy-acids, 1017 
— between aluminium chloride and 
organic chlorides, 102i 
excited atom chemistry, 1107 
— hydrolysis, 544 
—— ionization potentials, 623 
— isotopes, 352, 353 
— — exchange reactions, 
453, 1028, 1044 
— — radioactive, 354 
— — separation of, 354, 414 
_—— liquefaction of, 291 
—— liquid, solvent properties of, 370 
—— manufacture of, 272, 273, 312, 313, 
; 314, 315, 316, 317 
— — costs of, 310 
— — electrical energy for, 275 
— monatomic, 383 
— occurrence of, 262 
— —— jin animals, 267, 354 
—~— — in the atmosphere, 265 
————- —— in coal, 262 
—— —— in meteorites, 264, 354 
—— ~—— in plants and plant products, 267 


357, 358, 


Lig? 


Sa occurrence of, in rain and snow, 

——— —— inrivers and lakes, 266 

~——— —— in rocks and minerals, 262, 354 

——- —— in the sea, 266 

—- —— in soils, 262 

——--— in springs and natural waters, 

267 

——- —— in stars and nebulae, 262 

—— — terrestrial, 262 

—— —— in volcanic gases, 264, 354 

—— photochemical reaction with hydro- 
gen, 374, 391 

—— physical properties, 323 


—- —- —- activity coefficients of 
ions, 349 

———- —— —— adsorption, 332 

—— —— —— boiling point, 330 

—- —- — breakdown voltage, 345 


— —— — chemical constant, 342 

— — — collision diameter, 328, 359 

— —— — critical constants, 330 

—- — —- crystal structure, 328 

—— —— —— density and molecular weight, 
Be Pe OMe j 

—- —— diamagnetic susceptibility, 
349 

—— —— dielectric constant, 345 

—- —— dimensions, 358 

—— —— dipole moment, 345 

——— -—— discharge phenomena, 346 

—— —- electrode potentials, 348 

—— —- electron affinity, 346, 347 

—— —— enthalpy, 338, 339, 343 

—— — entropy, 340, 341 

— equation of state, 324 

—— equilibrium constant, 326 

—— free energy, 341, 343 

—— heat capacity, 336, 337, 343 

—— heat of dissociation, 326 

— heat and entropy of hydra-. 

tion of ions, 347 
— — heat of fusion, 336 
— heat of solution in water, 
365 

—— heat of vaporization, 335 

—— hydrolysis constant, 365 

—— internal pressure, 331 

—— ionic mobility, 345 

— ionic polarizability, 348 

—— ionization potential, 345 

—— magnetic rotatory power, 349 

—— melting point, 330 - 

—— mobility of ions, 348 

— molecular attractions, 325 

—— molecular polarizability, 345 

—— optical dissociation, 327, 

304,621 

—— parachor, 331 

—— —— ~—— polymeric ions, 349, 367, 368 

—— ——— —— positive ions, 349 

— — —refractivity, 331 

— — —rheochor, 329 

— — — scattering of light, 331 

— — — solubility in aqueous solu- 

tions, 368 
— —— — solubility in water, 362, 364 
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Chlorine, physical properties, solutions in 
non-aqueous media, 369, 370 
— — — specific volume, 325, 327 
—— —— —— thermal dissociation, 325 
— — — vapour pressure, 329 
— — — velocity of hydrolysis, 366 
—- —— —— velocity of supersonic waves 
a oh waoo 
—— —— — viscosity, 328 
—— poisoning, 686 
—— preparation of, 2'70 
— production of, 272, 312, 313 
—— purification of, 270, 271, 290 
—— radioactive, 1004 
—— reaction with steam, 376,404 
—— reactivity of, 379, 384 
—— safety precautions in use, 686 
—— sensitization of photochemical re 
actions by, 384 
—— spectroscopy, 621 . 
—— thermodynamic properties, 335, 342 
—— triatomic, 325, 384 
— uses of, 398 
Chlorine-33, nuclear properties, 970 
Chlorine-34, concentration by recojl, 1107 
—— nuclear properties, 972 
Chlorine-35, nuclear properties, 972 
—— spectroscopic constants, 630 
Chlorine-36, nuclear properties, 972 
—— preparation, 1004 
— use as tracer, 1051 
Chlorine-37, nuclear properties, 972 
Chlorine-38, concentration by recoil, 1108 
1110 
—— nuclear properties, 972 
—— preparation, 1005 
—— use as tracer, 1051 
Chlorine-39, nuclear properties, 974 
Chlorine atom, nuclear properties, 622 
—— — spectra, optical, 621 
—— —— spectra, X-ray, 624 
Chlorine-bromine mixtures, reaction with 
organic compounds, 482 
Chlorine dioxide, 521 
—— —— chemical properties, 531 
—— —— decomposition, 528 
—— —— physical properties, 526 
— — — — density, 526 
— — — — dielectric constant, 527 
—— — — — distrivution in CCl,» 
H,O, 527 
— — — — freezing point, 526 
— — — — heat of decomposition, 
527 
— — — — heat of solution, 526 
—- — —— — liquefying point, 526 
— — — — parachor, 526 
— — — — surface tension, 526 
— —— — —— Trouton constant, 526 
— — — — vapour pressure, 526 
—— — preparation, 521, 522, 526 
— — purification, 525 
—— — spectrum, 651 
— — structure, 527 
Chlorine-fluorine exchange, free energy 
of, 129, 130 


INDEX 


Chlorine fluorides, 17, 58, 59, 147, 148 
ef 


—— fluoroxide, 182 

—— heptoxide, see Dichlorine heptoxide 

—— hydrate, 364 

—— molecule, spectrum, absorption, 627 
630 

—— —— ion, spectrum, emission, 632 

—— monofluoride, 148 

—— —— chemical properties, 150 

—— heat of reaction with fluorine, 
154. 

—-- physical properties, 149 

—— ——- —— thermodynamic 

_ tions, 150 

—— spectroscopy of, 224 

monoxide, 514 - 

—— analysis, 519 

—— chemical properties, 520 

—— decomposition, photochemical, 
516 

—— decomposition, thermal, 517 

—— physical properties, 514 

— —- — boiling point, 515 


func- 


——- —— —— dielectric constant and 
molar polarization, 519 

— —- —— entropy, 515 

——- —— —— heat of formation, 515 

—- —— —— heat of solution, 515 

——— —-—- —— melting point, 514 

——~ —— —— partial pressure over 
solutions, 515 

— — — solubility in water, 516 

— —— — Trouton constant, 515 


—- —— —— vapour pressure, 515 

—— preparation, 514 

—— spectrum, 649 

—— structure, 519 

—— — ClO, spectrum, 648 

—— oxyfluoride, 156 

—— tetroxide, 542 

~—— trifluoride, 17, 151 

~-——- --— chemical properties, 154 

—— —— dissociation of, 154 

—— ~—— physical properties, 152 

— — —— —— entropy, 152 

— —— — — molal heat capacity 
152 ; 

— — — — thermodynamic proper 

ties of vapour, 153 
—- —reactions with organic com- 
pounds, 156, 157 
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—— —— spectra of, 226 
———— storage of, 157 

—- —— thermochemistry, 153 
—— — uses of, 158 


—— — use as incendiary, 151 
~—— trioxide, see also Dichlorine hex- 


oxide 
—— —— 528, 535 
—- —- constitution and structure, 538, 
539 


—- —- decomposition, 537 

——- —— physical properties, 537, 538, 
539 

—— — spectrum, 652 


INDEX 


Chlorine water, 365, 403 

—— —— light absorption by, 366 

— —— photolysis of, 366 

Chlorites, 569 

— detection, 672 

—— determination, 572, 672 

—— reactions of, 524 

Chlorite ion, spectrum, 657 

—— — — energy terms, 656 

Chlormanganokalite, 263 

Chloroacetic acids, systems with per- 
chloric acid, 600 rs 

Chloro-compoundas, organic, irradiation by 
neutrons, 1108, 1110, 1111 

Chlorodifluoromethane, 203 

— products. of pyrolysis of, 203 

Chlorofluoroethanes, 210 | 

Chlorofluoroethylenes, boiling points of, 

204 

Chlorofluoroheptanes, 202 

Chlorofluoromethanes, 210 

Chloromagnesite, 263 

Chlorosulphonic acid, 317, 461 

Chlorosyl fluoride, 182 

—— fluoroxide, 183 

Chlorothionite, 263 

Chlorotrifluoroethylene, 203 

Chlorotrifluoromethane, controlled poly- 
merization of, 207 

Chlorous acid, 569 

—— —— properties, 570 

— — spectrum, 654 

Chloroxiphite, 263 

Chloryl fluoride, 182, 183, 532 

— fluoroxide, 183 

— oxyfluoride, 182 

Chromic chloride, 455 

Chromic perchlorate, 614 

—— periodate, 905 

Chromium fluorides, 64, 121, 133 

——- jodate, 892 

Chromyl fluoride, 133 

Cobalt bromate, 770 

—— chlorites, ammino, 575 

—— fluoride, 16, 64, 158 

—-- perchlorate, 615 

—— periodate, 906 

Cobaltous chloride, 455 

—— iodate, 892 

Coccinite, 815 

Complex HCI1Fj, 155 

Compound, AgCrF,O, 171 

-+— Br,CaO (monohydrate), 752 

—— Br,CIP, 379 

—— Br,HgO, 747 © 

— Br,ClP, 379 

—— Br, IP, 745 

—— CCIH,N (HCI,HCN), 453 

—— CCIH;O (HCI1,MeOH), 423 

— C,Cl1H,O (HC1,Me,0), 423 

— C,Cl,H,,0 (4HC1,Me,0), 423 

— C,Br,H,,OZn | ZnBr,,(Et),Ol, 715 

— C,Br,H,,N (CH;),NBr;, 710 

— C,Br,H,,N (CH;),NBr,, 710 

— C,Cl1H,,0 (HC1,Et,0), 424 

ars C,C1,H,,0 (5HC1,Et,O), 424 
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— C,CIH;IN (C,H;N.ICI), 498 

eae CsCLHsI,N (CS5H,N. 2ICl), 498 

— C,Cl;H,,O, (SHC1,2COMe,), 424 

—— CeFia, 

pa CAPO, (PH ClO jbis 

aC CHC.) 453 

—— CIHNO (NO,HCl), 460 

—— ClH,0,Se (Se(OH),,C1O,), 613 

—— Cl,CuH,N, (2NH,Cl,CuCl), 435 

—— Cl,Cu,H (HCl, 2CuCl), 435 

—— Cl1,ILK, (KC1.21Cl), 496 

—— Cl,H,, 378 

—— Cl,H,S., 454 

— Cl,IP, 497, 498, 502 

—— Cl,N3,P; (PNCl,);, 37 

—— CrF,KO, 171 . 

—— F;KMn, 171 

— KIK, 176 

—— FjlSb, 176 

Connellite, 264 

Copper, corrosion of, by bromine fluor- 
ides, 172 

—— bromate, 764 

— fluoride, 74 

Cryolite, 4 

Cupric chloride, 455 

— chlorite, 574 

—— —— double salts with, 574 

— iodate, 889 

—— perchlorate, 616 

— periodate, 904 

Cuprous bromide, cyclotron target, 1012 

Cuproiodargyrite, 815 

ees targets containing halogens, 
1012 


D 


Daviesite, 263 

Deacon process, 313, 404 

De Nora cell, 298 

Deuterium, photochlorination of, 396 

—— reaction with hydrogen chloride, 463 

—— reaction with iodine, 848 

—— bromide, physical properties, speci- 

fic heat, 730 

—— —— —— thermal properties, 728 

—— preparation, 724, 725 

—— spectrum, 789 

chloride, physical properties, criti- 

cal temperature, 415 

—— — — diffusion, 414 

— — — electrical conductivity, 
445, 446 

— — — heat of fusion, 415 

—- —— — melting point, 415 

— —- — molal volume, 438 

—— —— —— molar refractivity, 419 

—— —— — specific heat, 418 

—— —— — total molar polarization, 
4.20 

—— —— —— transition temperature, 
426 

-—— —— — vapour pressure, 416, 
417 
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Deuterium chloride, preparation of, 408 
—— fluoride, 72, 98, 99 
—— ——- vapour pressure, 86 


—— iodide, chemical properties, decom- 


position, 865, 866 
—— ~——- physical properties, 860, 865 
— —— preparation, 858 
—— —— reaction with bromate, 755 
Diaboleite, 263 
Diaphragm cell plants, 
WeS.As cre 
—— —— process, anodes for, 286 
— —- —- cathodes for, 289 
—- — — chlorine produced in, 290, 
S12 
—— —- — current efficiency in, 281 
—— —— —— diaphragms for, 289 
—— — — energy consumption in, 277, 
276 
— —— —— hydrogen produced in, 290, 
S72 


capacity of in 


—— — —— reactions at anode, 281 

—- —- —— reactions at cathode, 283 

— — — sodium hydroxide produced 
in, 291, 292, 293, 312 

Dibromoindigo, 813 

Dichlorine heptoxide, 540 

—— —— physical properties, 541 

— ——- —— —— vapour pressure, 541 

—— — spectrum, 654 

—— —— structure, 542 

—— hexoxide, see also Chlorine trioxide 

— — 183 

—— —— magnetic susceptibility, 539 

—— monoxide, see Chlorine monoxide 

—— trioxide, spectrum, 650 

Dichlorodifluoromethane, 210 

Dichloroiodide ion, dissociation con- 

stants, 492 

Dietzeite, 815 

Difluorine dioxide, 193 

—— —— spectrum of, 236 

— trioxide, 195 

Di-iodotyrosine, 1056 

Draper effect, 395 

Duroid, 133 


H 


Ecdermite, 264 

Electrodes, bipolar, use of, 314 

Elements, heavy, fission, 1080 

— — — assignment of nuclear 
masses of products, 1081 

—— —— —— delayed neutron emission, 
1084, 1085 

— — yields, 1083, 1084, 1085 

Ellestadite, 264 

Enamels, vitreous, 142 

Enzymes, effect of fluorides on, 247 

Erbium chlorite, 574 

— periodate, 904 

Hriochalcite, 263 

athylene, compound with atomic chlorine, 

383 
Ethylidene fluoride, 135 


INDEX 


Europium bromate, 769 
—— iodate, 891 


F 


Ferric chloride, 455 

— fluoride, 121 

—— iodate, 892 

— perchlorate, 615 

— periodate, 905 
Ferrous perchlorates, 614 
Ferrucite, 5 
Finnemanite, 264 

Fluo-, see also Fluoro- 


‘Fluon, 142, 203, 209 


Fluorapatite, 3 

Fluorex, 174 : 

Fluoride, detection of, 237 

determination of, colorimetric, 239 

— gravimetric,. 238 

— spectroscopic, 239 

— volumetric, 238 

ion, colloidal properties of, 69 

—— magnetic susceptibility of, 69 

—— radius of, 69 

— refractivity of, 69 

ae thermochemistry of, 69 

Fluorides, acid, melting points of, 24 

—— complex, 164 

— effect on enzymes, 246, 247 

—— heat of formation of, 73 

— higher, as fluorinating agents, 16 

—— and hyperthyroidism, 248 

—— influence on cell metabolism, 248 

— insecticidal action of, 244, 245 

—— preservative and bactericidal action, 
242 

—— reaction with water vapour, 73 

—— reduction by hydrogen, 73 

—— uses of, 142 

Fluorine, action of on glass, 62 

— analytical determination of, 237 


-— cells, behaviour of anodes in, 19, 30, 
33, 40 

—— current efficiency in, 27, 29, 36 

—— electrolytes for, 22, 34, 39 

— electrolytic, history of, 18, 32 

—— high temperature, 19, 37 e 

—— low temperature, 19 

—— materials for, 21, 27, 36, 37 

— medium temperature, 29, 33 

—— patents for, 40 

— polarization in 24, 34 

—— relative merits of, 32 

—— structure of, 20, 22, 27 

chemical properties, 54 

—— corrosion of metals in, 61 

—— damage to vegetation by, 244 

—— and incidence of deafness, 248 

— determination of, in _ biological 

materi ds, 251 
—— in diet, 242 
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INDEX 


Fluorine, exchange of, 101, 154, 163, 172 

—- exchange with hydrogen fluoride, 
1014, 1015 

— excited atom chemistry, 1107 

—— free, detection of, 237 

—- gaseous, analysis of, 237 

—— hazards in use of, 42 

—— inhuman system, acute poisoning, 


249 
— — — chronic poisoning, 249 
—— — —- dental effects, 251 
—— —— —— industrial hazards, 250 
— — — metabolism, 248 


—— importance in dental health, 6 

—- isotopic exchange reactions, homo- 
geneous, 1028 

—— linkage with oxygen, 59 

—— materials resistant to, 17, 54 

—— minerals, major, 3 

—— — minor, 4 


— — incoal, 5 

—— —— in foodstuffs, 6 

—— —— in geochemical cycle, 3 
—— in igneous rocks, 2 

—— in organic materials, 6 
—— in soil, 5 

—— in water, 6 

physical properties of, 46, 50 
— — additive, 68 

— —- density, 47 

—— —— dielectric constant, 47 


—— — dissociation, 49 
—- —— dissociation energy, 48 
— — electron affinity, 50 


—— —— inter-atomic distance, 49 
—— —— magnetic susceptibility, 68 
—— — molar heat capacity, 46 
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—— —— —— thermal conductivity, 48 

—— —— —— thermodynamic functions, 47 

— — — viscosity, 47 

—— phytochemical activity, 244 

—— preparation by chemical reaction, 15 

—— preparation from chlorine trifluoride, 
17 


—— production of, 32 

—— purity of, 27, 34 

—— reaction with aqueous solutions, 55, 56 

—— reactions with carbon, 60 

—— reaction with cyanogen, 59 

—— reactions with halides, 62 

— reaction with hydrogen, 55 

—— —— of, supposed, with inert gases, 
65 


— reactions with metals, 60 

— reaction with non-metallic elements, 
60 

— reactions with oxides, 62, 63 

— reaction with water, 55 

—— removal of oxygen from, 194 

—— reviews, l 

— spectroscopy of, 218 
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Fluorine, spray residues containing, 246 

—— toxic effects of, 5 

—— waste, disposal of, 54 

Fluorine-17, nuclear properties, 970 

Fluorine-18, nuclear properties, 970 

— tracer, 1004 

—— use, biochemical, 1051 

luorine-19, nuclear properties, 970 

Fluorine-20, nuclear properties, 970 

Fluorine atom, spectra, optical, 218 

— — — X-ray, 220 

— azide, 59 

Fluorine-chlorine exchange, 
of, 129, 130 

Berane compounds, organic, analysis of, 

4 

— — uses of, 142 

— dioxide, see Difluorine dioxide 

—— molecule, spectra of, 222 

— monoxide, 186 

—— — chemical reactions, 192 

—— —— physical properties, 190 


free energy 


— — — — molecular structure, 191 
— — — — thermodynamic § func- 
tions, 190 


— — spectra of, 235 

— nitrate, 59 

—— oxides, 57, 186, 190, 191 

— perchlorate, 59, 182, 184, 613 

— radioactive, 1004 

—— trioxide, see Difluorine trioxide 
Fluoros, see also Fluo- 

Fluoroamines, 59 

F'luoroannite, 5 

Fluoro-azines, 59 

Fluorobiotite, 5 

Fluorobromonium salts, 169 
Fluorocarbons, 60 

—— nomenclature, 197 

—— obtained with cobalt trifluoride, 200 
— perfluoro-, fused ring, 201 

—— physical properties of, 204, 205, 206 


—— —— —— melting points, 207 


— — — viscosity, 205, 207 

— preparation of, 198 

—— produced by direct fluorination, 200 
— saturated, chemical properties, 208 
—— unsaturated, polymers of, 208 


1—— —— acyclic, 203 
; Fluorocolumbates, 121 


Fluorohalocarbons, 197 

Fluorohalo-compounds, aromatic, 201 

Fluoro-hydrocarbons, 167 

Fluorolepidomelane, 5 

Fluorolubes, 207 

Fluoromeroxene, 5 

Fluorophosgene, 213 

Fluorophosphates, 4 

Fluorosiderophilite, 5 

Fluorosulphonic acid, 75 

Fluorothene, 142, 150, 157 

Fluorspar, 4, 75 

Fluotitanates, 15 

Fogs, chemical, 461, 463 

Frémy’s salt, production of hydrofluoric 
acid from, 81 

Freon, 75, 142 
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Friedelite, 264 Hydriodic acid, physical properties, 
Frigene, 210 density and refractive index, 862 
— — — — equivalent conduct- 
ance, 863 
G — — — — osmotic coefficients, 
863 


Gadolinium bromate, 768 

—— iodate, 891 

—— perchlorate, 614 

—— periodate, 904 

Gallium bromate, 769 

—— chlorate, 592 

—— iodate, 891 

—— perchlorate, 611 

Gas-diffusion, thermal, 356 
Georgiadesite, 264 

Glass, action of hydrofluoric acid on, 137 
—— industry, 143 

Gold fluoride, 16, 164, 169 

Graphite, 286, 305 

—— for anodes, impregnation of, 288, 307 
—— oxygen overvoltages on, 287 

—— wear of, as anode, 287, 306, 307 
—— bifluoride, 134 


H 


Hackmanite, 264 
Halogens, excited atom chemistry, 1106 
— as fission products, yields, 1083, 
1084, 1085 
—— radiation chemistry, 1092 
Halogen fluorides, 147 
—— — uses of, 148 
— — diatomic, convergence limits and 
energies of dissociation, 224 
—— — —— spectroscopic constants, 225 
—— isotopes, 963, 970 
Halogens, radioactive, 
halogens, 1002 
a exchange reactions, kinetics,1013 
—— —— exchange reactions, mechanism, 
1014 
—— —— preparation, n,p reaction, 1002 
—— —— preparation, n,y reaction, 1002, 
1003 
—— —— uses, chemical, 1013 
Hanksite, 264 
Hargreaves’ process, 406 
Hedyphane, 264 
Heliophyllite, 264 
Hexafluorobutadiene, 204 
Hilgardite, 263 
Holmium bromate, 769 
Hooker cell, 274, 276, 277, 278, 284 
~— Type S Cell, current efficiency losses 
in, 284 
Hornblende, 2 
Huantajayite, 263 
Hydrazine chlorite, 573 
Hydriodic acid, see also Hydrogen iodide 
—— —— corrosion of metals, 867 
—- — oxidimetric standard, 950 
—— —— physical properties, 862 
— — — — activity coefficients, 
863 
— — — — boiling points, 862 


see also Radio- 
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Hydrobromic acid, see also Hydrogen brom- 
ide 
—— —— chemical properties, 
} action, 737 
— —— constant boiling point, 725, Tal, 
rey, 
—— — physical properties, activity co- 
efficients, 733 
— — — — boiling point, 731 
— — — — distillates, 732 
— —- — — equivalent conductivity, 
7133 ; 
—— — — liquid and vapour com- 
positions, 732 
oe ee ee viscosity, 720 
heer reactions with chlorides, 
405 
reaction with chlorine, 404 
Wydrochloric acid, see also Hydrogen 
chloride 
— catalytic effects, 447, 452, 457 
— chemical properties, 452 
—— corrosion of metals by, 470 
— electrolysis of, 314 
—— manufacture of, 402 
—— physical properties, activity co- 
efficients, 438, 439, 440 
— — — adsorption, 442 
— — — boiling point, constant, 
433, 434 
— — — cation transport number, 
444. 
—- —— — compressibility, 430 
—— — — dielectric constant, 446, 
44.7 
—— — — diffusion coefficients, 
431, 432 
— electrical conductivity, 
442, 443, 445, 446 
— — — electro-kinetic poten- 
tials, 442 
— — — heat of dilution, 436 
—— — — heat of neutralization, 
118, 437, 438 
—— — — ionic mobilities, 444 
—— —— — magnetic susceptibility, 
440 
—— — —— molal volume, 437, 438 
—— —— —— refractive index, 447 
— — — solubility and specific 
gravity, 430 
— — — specific heat, 437 
—— — — surface tension, 440, 


reducing 


/ 


44] 

—— — — thermal diffusion, 432, 
433 

—— —— — vapour pressure, 434, 
435 
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—— purification of, 409 
— —— solutions of chlorides in, 454 


INDEX 


Hydrochloric acid, thermodynamic proper- 
ties, 435 
Hydrofluoric acid, 
fluoride 
—— — anhydrous, analysis of, 239 
—— -—— burns on skin, 249, 250. 
—— — chemical properties, 129 
— — corrosion of non-metallic mater 
ials by, 137, 140 
— — electrolysis of, 133 
—— —— handling of, 140 
-—— —— in organic chemistry, 135 
—— —— physical properties, 85 
— —- — ~—— boiling points of solu- 
tions, 105, 107 
— —— — — densities of solutions, 
103 
—- — — — dissociation in solu- 
tion Lil 2135 116 
— —— — — equilibrium constants, 
114, 116,117 
—_——— —— — equivalent conductivity, 
113 
— —— —— —— freezing points of solu- 
tions, 103 
— —— —— —— heat of dilution, 109 
—— — —— — heat of neutralization, 
118 
— —— —— hydrogen-ion concentra- 
tions in aqueous, 114 
—- —— —— partial pressures over, 
LOG6- TO 7. 
— — — specific heat of solu- 
tions, 108 
— — nomenclature of, 72 
—— —— patents on production of, 77, 80, 
81 


see also Kydrogen 


| 


| 


—— — patents on purification of, 78 

—— —— plant for production of, 76 

—— —— preparation of, 72 

~—— —— production of, 74, 144 

— — — — of aay moisture content, 
8 


—— ~—— removal of silicon tetrafluoride 
from, 78 

— resistance of metals to, 138, 
139, 140 

—— —— transport of, 140 

—— — uses of, 75, 142 

Hydrogen, 290, 310, 373, 391 

— atomic, 394, 396, 460 

—— discharge potentials of, 279 

— overvoltage, 289, 301 

—— photochemical reaction with chlorine, 
374, 391 

—— reaction with bromine, 706 

Hydrogen bromide, see also Hydrobromic 

acid 

—— —— bombardment with neutrons, 1113 

—— —— chemical properties, 736 

— — — — action on silicon, 737 

— —— — — addition to olefines, 

738 

—— — electron impact studies, 1093 

—- —— physical properties, 727 

—- —— —— —— adsorption, 735, 736 
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Hydrogen bromide, physical properties, 
density and surface tension, 728 
— —— — — electrical, 730 
— —— ——— — magnetic, 730 
—— —— — — optical, 730 
— — — — solutions, non-aqueous, 
733, 734 
—— —- — —— specific heat, 729 
— — —— —— structure, 727 
— —— —— —— thermal properties, 728, 
738 
—— —— preparation, 724 
—— —— purification, 725 
—— —— spectra, 789 
—— —— spectroscopic constants, 791] 
—— —— synthesis and decomposition by 
ionizing radiation, 1098 
—— —— molecule ion, spectrum, 796 
Hydrogen chloride, see also Hydrochloric 
acid 
—— —— additive 
453 
— — — — with sulphates, 462 
—— —— chemical properties, 452 
— — — — reaction with carbides 
and nitrides, 456 
—— ——  —- —— — — chlorides, 453 
—-s —— —— —— —— —— deuterium, 463 
— — —— —— —- — metals, 464, 
465, 466, 468 
—-_- — ——_ ——_ —_ —_ metal oxides 
and hydroxides, 457 
——S_s — —— ——— — — non-metals and 
their oxides, 459 
——— — —— — — organic come 
pounds, 464 
ee ———- — oxy-acids, 461 
— —— ——— — — — phosphorus 
; pentoxide, 460 
—— ——  —— ——— — — Sulphides, 456 
—— — electron impact studies, 1096 
—— —— physical properties, 413 
— — — — absorption, 454 
— — — — critical constants, 415 
— — — — crystalline form, 427 
—_ —— — — density, 413 
— — — — dielectric constant, 420, 
4.2] 
—_ diffusion, 414 
—— — — — dipole moment, 420 
— —— — — distribution between 
water and organic liquids, 431 
— — — — electrical conductivity, 
425, 426 
— — entropy, 418 
— —heat and entropy of 
solution, 425, 426 
—— —— heat and free energy of 
formation, 418 
— — —— — heat of fusion, 415 
— — — — heat of solution, 435, 


compounds, organic, 


4.36 

—. —— — — heat of vaporization, 
416 

— —_ —— —— fHenry’s I aw constants, 
4.24. 
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Hydrogen chloride, physical properties, 
ionization potential, 421, 422, 646 ! 
— — — — melting point, 415 
— — — — molar refractivity, 419 
— — — — molecular heat capacity, 
417, 418 
— — — — solubility, 423 
— — — — total molar polarization, 
420 
— — — — transition temperature, 
426 
— —— — — vapour pressure, 416, 
417 
— — — — viscosity, 413, 414 
— — solutions, spectra, 644 
— — spectrum, Raman effect, 642 
— — — rotation, 637, 638 
— — — ultra-violet, 645 
— — — vibration-rotation, 637, 639 
— — storage of, 409 
—— — synthesis by ionizing radiation, 
1097 
—— —— thermal stability, 419 
—— —— ion, spectrum, 647 
Hydrogen-chlorine mixtures, 
limits, 374, 396 
—— — —— flame temperatures, 374 
— — — — velocities, 374 
Hydrogen fluoride, see also Hydrofluoric 
acid 
— — by-product of superphosphate 
manufacture, 72 
——- —— hehaviour of carboxylic acids in 
liquid, 125 
— — catalysis in organic chemistry, 
U3) 
—— —— catalysis in petroleum industry, 
126, 135, 142 
—— — conductivity of solutions of salts 
in liquid, 122 
—— —— equilibrium of, with chlorides, 
130 
—— —— formation of in fluorination, 72 
—— —— in industrial gases, 250, 251 
——- —— interchange with organic halides, 
131 
—— —— ions present in liquid, 123 
—— —— liquid, as solvent, 120 
—— —— molecular association, 87 
— — occurrence, in volcanic gases, 3 
—— —— physical properties, 85 
— — — — association factor, 93 
— —- — — association of vapour, 


explosion 


92, 99 

—- —— —— —— dielectric constant of 
liquid, 88 

—— — — — dipole moment, 97 


— — —- — electrical conductivity 
of liquid, 87 

—— —— — ~—— expansion coefficient, 
85 

— — —— —— ionization potential, 88 

— — — — latent heat of vaporiza- 
tion, 87 

— — — —— magnetic rotation, 105 

— — — — melting point, 85 


INDEX 


Hydrogen fluoride, physical properties, 
molar heat capacity of solid, 86 


— —— — — molecular structure, 92, 
96, 99 

— —— — — polymerization con- 
stants, 94 

— — — — solutions, 103 

—_ 0 a heat of liquid, 

— —— —— —— aaa heat of solid, 
8 

— — — — surface tension of 
liquid, 89 

—- —— — — thermodynamic proper- 
ties, 87 

— —— — — vapour density, 90, 91 

———-- ——-— =< Va DOr Pressure, .o oe 


—— —— —— viscosity of liquid, 88, 
89 


--—- —— reactions of, with chlorides, 131 
— — — in liquid, 121, 122 
—— —— in ‘smog’, 250 
—— — solubility of hydrocarbons in 
liquid, 126 
—— — solutions of organic compounds 
in liquid, 124, 127 
—— — spectra, infra-red, 230, 231 
—— — spectrum, ultra-violet, 230 
—— —— susceptibility of bees to, 250 
—— —— thermochemistry, 101 
—— halides, exchange with halogens, 
1014, 1020 
Hydrogen iodide, see also Hydriodic acid 
—— —— chemical properties, 865 
— — — — decomposition, 
865, 866 
—— —— physical properties, 859 
— — — — adsorption, 867 
— — — — critical temperature, 
859 
— — — — crystal structure, 859 
— — — — density, 859 
ee a Oa 
— — — — heat of formation, 859, 


857, 


863 

—— —— — — interatomic distance, 
860 

— —— — — ionization potential, 
860 


— — — — latent heat, 859 

— — — — magnetic, 2°62 

— — — — thermodynamic 

848 

— — — — vapour pressure, 859 

— — — — viscosity, 859 

—— — preparation, 857 

— — reaction with chlorine, 379 

— — spectrum, 929, 930, 931, 932 

—— —— synthesis and decomposition by 
ionizing radiation, 1100 | 

—— — ion, spectrum, 933 

—— peroxide, reaction with bromine, 717 

— — — — chlorine, 377 

Rydrophilite, 263 

Hypobromites, 751 

Hypobromite, determination, 804 


data, 


- 


INDEX 


Hypobromous acid, decomposition, 750 
—— —— dissociation constant, 751 
—— —— preparation, 750 

— — spectrum, 798 

Hypochlorites, corrosionof metals by, 553 
—— decomposition, 550 

— determination, 666, 673 

—— — electrometric, 66& 

—— oxidizing reactions, 551, 552 

—— properties, 545, 554, 556 
stabilization, 551 

Eypochlorite ion, spectrum, 656 

—— —— energy terms, 656 

— solutions, cause of dermatitis, 687 
Hypochlorous acid, 515, 544 

—— —— decomposition, 547 

—— —— dissociation constants, 547 
—— — esters, 560 

— — photolysis of, 367 

—— — production of, 545 

—— —— properties, 545, 546 

— — spectrum, 654 

Hypofluorites, 59 

Hypoiodites, 851 

Uypoiodous acid, 870 

—— determination, 942 


I 


Indicators, adsorption, 800 

Indium iodate, 891 

— periodate, 904 

Interhalogen ions, spectrum, 935 

Iodargyrite, 315 

Iodates, chemical properties, 880 

Iodate, determination, 943 

- — —— polarographic, 808 

— ion, spectrum, 935 

Iodembolite, 815 — 

Jodic acid, chemical properties, 880 

—— —— physical properties, 875 

— —- — — compressibility, 875 

— —— — — solutions, 876, 878 

— —— preparation, 874 

—— — spectrum, 935 

Iodides, determination, electrometric, 940 

— — volumetric, 937 

Iodide, oxidation by chlorate, 585 

— ion, exchange with organic iodides, 

10 18, 1019 

— — spectrum, 934 

—— — — energy terms, 656 

Iodine, atomic weight, 846, 872 

oe bactericidal action, 957 

—— biological properties, 957 

— catalysis by, 851, 853, 945 

——- chemical properties, 848 

— — —reaction with metals, 848, 
849 

—— colloidal, 823 

—— corrosion of metals, 849 

—— cyclotron target, 1012 

—— determination, 941 

—— —— in the atmosphere, 948 

—— — micro, 944 

—— — in organic matter, 947 
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Iodine, determination, physical, 949 
——— —— in Salt, brine and water, 948 
—— —— in soil and minerals, 949 
—— electron impact studies, 1095 
—— exchange with hydrogen iodide, 1014 
—— — —— iodine oxy-acids, 1017 
——- — — organic iodides, 1020 
—— excited atom chemistry, 1131 
—— extraction, 821 
—— fluorescence, 916, 919, 921 
—— formation by B- -decay of tellurium, 
1134 
—— isotopes formed in fission, 1082 
—— isotopic exchange reactions, homo- 
geneous, 1037 
— — — — heterogeneous, 1047 
—— occurrence, 815 
—— —— in brine, 816, 822 
—  —  incoal, 816 
——- —- in foods, 817, 958 
—— — in marine life, 817 
—— —— in natural waters, 816, 958 
— —— in seaweed, 816, 821 
—— —— in soils, 816 
— oxidation by chlorate, 585 
—— physical properties, 826 
— —— — adsorption, 841 
—— —— —— binary systems, 838 
— — —— critical potentials, 828 
— — — critical temperature, 827 
— —— — crystal structure, 826 
—— — — density, 826 
— — — dielectric constant, 829 
— — — electrode potentials, 830, 
831 
—— — — expansion, 826 
— —- —— heat capacity, 827 
—— —— —— ions, 828 
—— —— —— latent heat, 827 
—— — — magnetic susceptibility, 829, 
830 
— — —refractivity, 828 
—— —— —— resistivity, 828, 829 
—— — — solubility, 835, 836, 837, 843 
—— —— —— vapour density, 626 
— —— —— — pressure, 827 
——- —— —— viscosity of vapour, 826 
—— purification, 823 
—— radiochemical separation from fission 
_ products, 1087 
—— spectrum, 908, 928 
— — solutions, 923, 924, 926 
—— toxicity, 957 
Iodine-120, nuclear properties, 982 
Iodine-121, nuclear properties, 982 
Iodine-122, nuclear properties, 982 
Iodine-123, nuclear properties, 984 
Iodine-124, nuclear properties, 984 
Iodine-125, nuclear properties, 984 
Iodine-126, nuclear properties, 984 
Iodine-127, nuclear properties, 984 
Iodine-128, nuclear properties, 984 


-—— preparation, 1006 


—— separation by recoil, 1131 
—— synthesis of recoil atoms into organic 
molecules, 1006 


Todin>- 129, geochemical significance, 1087 
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lodine-129, half-life, 1083 Iodine monochloride, solutions, thermo- 
—— nuclear properties, 986 dynamic functions, 492 
Iodine-130, nuclear properties, 986 — — solvent, 493 
—— preparation, 1007 — —- —- electrical conductivities in, 
Iodine-131, as label in biochemistry, 1054, 494, 495, 496 
1055, 1056 — —— —— solubilities in, 493 
—— nuclear properties, 988 —— —— —— solvo-acids and -bases, 500 
—— preparation from tellurium, 1003, 1007} —— —— spectroscopic constants, 635 
— — — uranium fission, 1010 —— — spectrum, 634 
— production methods, 1010 —— —— thermodynamic functions, 486, 
—— radiotherapy, 1059, 1060 487 
— as tracer in diagnosis, 1058, 1060 —— —— vapour pressure, 484 
Iodine-132, nuclear properties, 988 —— —— viscosity, 484 
—— preparation, 1007 —— monofluoride, spectroscopy of, 224 
Iodine-133, nuclear properties, 990 | —— monoxide, IO, spectrum, 934 
Iodine-134, nuclear properties, 990 —— oxytrifluoride, 184 
Iodine-135, nuclear properties, 990 —— pentafluoride, 173 
Iodine-136, nuclear properties, 990 —~— —— chemical properties, 175 
Iodine-137, nuclear properties, 990 ——- —— compound with dioxan, 176 
Iodine-138, nuclear properties, 990 | ——+-—— physical properties, 174 
Iodine-139, nuclear properties, 990 —~ —— —— —— density, 175 
Iodine atom, spectra, optical, 908 — —— — —— vapour pressure, 175 
— — — X-ray, 910, 911 —— — as solvent, 176 
—— bromide, 742 —— — spectra of, 227 
—— —— binary mixtures, 745 —— — structure, 175 
— —— brominating agent, 744 —— pentoxide, preparation, 849, 872 
— —— chemical properties, 744 S| ==. DEODETES, O12 
— ~—— ionizing solvent, 745 | —— radioactive, 1006 
—— —— physical properties, 742 Iodine-starch, 842, 942, 946 
— cation, 489 —— spectrum, 928 
— compounds, organic, irradiation by | Iodine tetroxide, 871 
neutrons, 1131, 1132, 1133 —— trichloride, 506 
—— fluorides, 58, 147, 171, 173, 177,872 —— —— chemical properties, 509 
—— heptafluoride, 171, 177 — — — —reaction with organic 
— —— molecular structure, 179 substances, 510 
= ——— spectrum of, 228 —— —- compounds with organic sub- 
—— molecule, spectroscopic constants, stances, 509 
922, 923 —— — crystal structure, 506 
—— —— spectrum, absorption, 912,914 | ——~ —— density, 506 
a om Ssion..915 —— — electrical conductivity, 506, 507, — 
—— —— —— fluorescence, 916, 919, 921 509 
—— monobromide, spectra, 787 —- — electrode potential, standard, 
—— —— "Br, spectroscopic constants, | 508 Meg ~ | 
788 — —— preparation, 506 
— monochloride, 483, 853 ——- —— thermodynamic constants, 508 
—— —— analytical uses, 506 —— tricyanate, 502 
—— ~— chemical properties, 500 —— trifluoride, 872 
—— — ——- —_ reaction with elements, | —— wioxide;, 670 
501 ——- trithiocyanate, 502 


Se ee ee ns ee VOOR EN Ll le | OU OULO MILE mo Lo 
—— = “opeanic “com-.}| 2odotluoromethanes 16 
pounds, 503 | Iodous acid, 871 
— ——compounds with orgenic sub Ions, self-diffusion, study by isotopic 


stances, 499, 505 exchange, 1023. 
— — density, 484 Ion FHF”, spectra of, 234 
—— —— diamagnetic susceptibility, 485 | ——- HF”, spectra of, 233 
AE Af PE tis dipole moment, 485 Iridium fluoride, 65 
—— —— dissociation, 487 Iron bromide, 690 
—— —— electrical conductivity, 484,485 | Isotopes, halogen table, 970 
—— —— melting and boiling points, 483 —— radioactive, of halogens, 963 
—— —— parachor, 485 Se ene [amen mere LOC AVIV D Oa dae 
—— —— preparation, 483 — —- — — disintegration energy 
—— — solutions, 487 and scheme, 967 
—— —— —— absorption spectra of, 489, —— —— — — gamma transitions, in- 
490, 49] vestigation, 966 
—— —— —— electrochemistry in, 488 —- —— — — half-life determination, 


—— —— —_— hydrolysis in) 488 964 


INDEX 


Isotopes, radioactive, of halogens, par- 
ticle energies, estimation, 965 
— —— —— —— production and genetic 
relationships, 968 


Joshi effect, 1093 


Kainite, 264 

Kampylite, 264 

Karbate, 138 

Kel-F, 142 

Kempite, 263 

Kinetics, application of radiohalogens in 
study, 1024 

Kleinite, 263 

Koenenite, 263 

Kremersite, 263: 

Kubierschky process, 690 


L 


Lanthanide elements, perchlorates, 613 
Lanthanum iodate, 891 

—— perchlorate, 614 

— periodate, 904 

Lasurite, 264 

Lautarite, 815 

Lead bromate, 770 

—— —— solubility, 769, 770 

—— —— acetate, explosive, 770 | 
— — bromide, cyclotron target, 1012 
—— chloride, cyclotron target, 1012 
— chlorite, 574 

—— —— double salts with, 574 
—— fluoride, 121 

— — acid, 15 

—— —— cyclotron target, 1012 

—— iodide, cyclotron target, 1012 
—— iodate, 891 

— perchlorate, 612 

— periodate, 905 

Lepidolite, 5 

Lithium bromate, 753, 756 

— — solubility, 756 

—— chlorate, 587 

—— chloride, cyclotron target, 1012 
— chlorite, 573 

—— fluoride, 34, 120 

— hypochlorite, 557 

— iodate, 884 

—— iodide, oxidation by X-rays, 1101 
—— perchlorate, 607 

—— periodate, 901 

Lorettoite, 263 


M 


Magnesium chlorate, 577, 578, 591 
—— chlorite, 573 
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Magnesium fluoride, films of, 143 

—— hypobromite, 752 

cee hypochlorite, 558 

—— iodate, 890 

— — solubility, 890 

—— iodide, oxidation by gammarrays, 

1101 

— oxide, 333 

—— perchlorate, 610 

Manganese fluoride, 15, 16, 64, 133 

—— perchlorate, 614 

— Deriodate, 905 

Marialith, 264 

Marshite, 815 

Mercuric bromate, 768 

— —-— solubility in acids, 768 

—— fluoride, 121 

Mercury cell process, effect of Peres: 
concentration, 303 

ee anodes for, 305 

— — — cathode for, 307 

— — — cells for, 293 

— —— — chlorine produced in, 304, 

SUOHO10F O12 
—— — — current efficiency in, 299 
—— — — energy consumption in, 296, 
297 


| 


—— —— hydrogen produced in, 310, 
312 
— —— effect of impurities in 
brine, 302, 303 
—— — —— operation of, 295, 311 
—— —— — reactions at anode, 300 
— —- —— — — cathode, 300 
—— —— —— sodium hydroxide produced 
Ms lO LT 312 
—- —— — voltage distribution in, 298 
—— chlorite, 575 
—— iodates, 890 
Mercurous perchlorate, 615 
Mercury, ‘thick’, 275 
Metallic oxides, temperatures required 
for reaction with chlorine, 381 
Metals, reaction with hydrogen chloride, 
464 
Methylammonium chlorites, 573 
Mica, 2,55 
Miersite, 815 
Minerals, iodine in, 815 
Mitscherlichite, 263 
Mosesite, 263 
Molybdenum oxyfluoride, 132, 133 


| 


N 


Nadorite, 264 

Nasonite, 264 

Neodymium bromate, 768 

-——— perchlorate, 613, 614 

Neptunium perchlorate, 617 

Neutron activation, formation and be- 
haviour of excited atoms, 1109 

Nickel bromate, 770 

—— chloride, cyclotron target, 1012 

—— chlorite, 574 

—— fluoride, 65 
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Nickel iodate, 892 

—— perchlorate, 615 

—— periodate, 906 

Nitric acid, reaction with chlorine, 379 

— oxide, reaction with chlorine, 379 

Nitrides, reaction with hydrogen chloride, 
456 

Nitrite, reaction with chlorine, 379 

Nitrogen compounds, perfluorinated, 214 

— iodide, 851 

—— trichloride, 403, 405 

—— —— reaction with hydrogen chloride, 

453 

—— trifluoride, 59 

Nitronium fluorides, complex, 170 

—— perchlorate, 612 

Nitrosonium fluorides, complex, 171 

Nitrosyl chloride, production of, 316, 459 

—— fluoride, 59 

Nitry] fluoride, 59 - 

Northupite, 263 


O 
Ochrolith, 264 


Organic compounds, fluorination of, direct, \ 


198 

—— —— — — electrochemical, 202 

— — —— —- with HF, 202 

— — — with higher inorganic fluor 

ides, 199 

Ostwaldite, 263 

Oxides, reaction with hydrogen chloride, 
457, 459 

—— —— —— iodine monochloride, 501 

Oxygen, reaction with hydrogen chloride, 
452 

a pears reaction with chlorine, 

10 
Ozone, reaction with chlorine, 375, 541 


P 


Palladium fluoride, 65 

Parahilgardite, 263 

Paraperiodic acid, spectrum, 936 

Pentachlorotrifluoropropanes, 210 

Per-acids, use of fluorine in production 

of, 56 

Perbromic acid, 770 

Perchlorate ion, spectrum, 658 

Perchlorates, 596 

— crystal structure, 606, 614 

Perchlorate, determination, 670, 673 

— detection, 671 

Perchlorates, preparation, 596, 597 

— properties, 605 

—— — magnetic 
610 

— — solubility, 606, 609 

Perchloric acid, 540, 596 

—— — production from hydrogen chlor 
ide, 452 

—— — properties, 598 


Susceptibility, 606, 


INDEX 


Perchloric acid, properties, activity and 
osmotic coefficients, 602 

—— — — density of solutions, 601 

— — — reduction, 602 

—- —— — surface tensionof solutions, 

602 . 
—— —— — thermodynamic, 599 
—— — — vapour pressure of solu- 
tions, 60] 

— — — viscosity of solutions, 600 

— — spectrum, 654 

— — — Raman, 655 

Perchloryl fluoride, 183 

—— fluoroxide, 184 

—— oxyfluoride, 182 

Perfluoro-acids, organic, 212 

PerfluorobenZoic acid, 212 

Perfluorobutadiene, 204 

—— polymerization products, 209 

Perfluoro-compounds, aromatic, 201 

—— organic, 197, 208, 211, 215 

Perfluoro-dibasic acids, organic, 212 

Perfluoroethers, 212 

Perfluoroheptanes, 202 

Perfluoromethylcyclohexane, 202 

Perfluoro-tri-n-butylamine, 209 

Perfluorovinyl chloride, 203 

Periodate, determination, 944 

—— ion, spectrum, 936 

Periodic acid, preparation, 896 

—— — properties, 898 

— — — thermodynamic, 898 

—— —- solubility, 898 

— — spectrum, 936 

Permanganyl fluoride, 133 

Petterdite, 263 

Phlogopite, 5 

Phosphorous acid, oxidation by bromate, 
154 

Phosphorus, reaction with chlorine, 379 

Phosphorus pentoxide, reaction of, with 
hydrogen fluoride, 132 

Photochemical reaction H + Cl = HCl, 
mechanism of, 393, 403 

Platinum, oxygen overvoltages on, 287 

—— tetrafluoride, 16 

Plexiglas, 138 

Plutonium, reaction with hydrochloric 
acid, 470 


_ Plutonium-239, pile fission, 1003 


Plutonium iodate, 892 

—— perchlorate, 617 

—— tetrafluoride, decomposition of, 17 

Poly(chlorotrifluoroethylene), 209 

Polyhalides, 482, 488 

Polyhalide ions, 837 

Polymer oils, viscosity of, 208 

Polyperfluorobutadiene, 209 

Polyperfluoroethylene, 209 

Polyspharite, 264 

Potassium bromate, 755, 760 

—— —— chemical properties, 754, 763 

—— —— osmotic and activity coefficients, 
761 

—— —— physical properties, 762 


|} ——- —— solubility, 760 


INDEX 


Potassium bromate, solutions, viscosity, 
62 

Potassium bromate-potassium salt sys- 
tems, Solubility and density, 761 

—— bromide, cyclotron target, 1012 

—— chlorate, 584, 586, 590, 596 

—— —— acidimetric standard, 584 

—- —— decomposition by electron bom- 

bardment or ultra-violet light, 1102 
—_ — oe and activity coefficients, 
589 

—— —— reduction by gamma rays, 1102 

—— chloride, cyclotron target, 1012 

—— — pile irradiation, 1005 

— chlorite, 573 

—— chlorobromoiodide, 497 

—— chlorodi-iodide, 497 

—— dichloroiodide, 496 

—— fluoride, 120 

— iodate, 884, 8&6 

—— —— acidimetric standard, $80 

— — compressibility, 884 

—. — density, 886 

— —— equivalent conductance, 885 

—— — molal heat capacity, 886 

—— —— reduction by gamma rays, 1102 

— — solubility, 886, 887 

—— — solutions, 877 

—— iodide, cyclotron target, 1012 

—— —— oxidation by gamma-rays, 1100 

—— — —— — X-rays, 1101 

— — —— — a-particles, 1102 

——~ —— oxidation by ultrasonics, 1102 

—— perchlorate, 608 

—— —— decomposition by X-rays, 1102 

— periodate, 901 

—— —— compressibility, 901 

—— -— equivalent conductance, 899 

Propyl bromides, excited atom chemistry, 
1119 

Pseudocotunnite, 263 

Pyridinium perchlorate, 603 

Pyrosmalith, 264 


Q 


Quartz, resistance to liquid hydrogen 
fluoride, 85 


R. 


Radioactive halogens, see Halogens, 
radioactive, and Radiohalogens 

Radiohalogens, isotopic exchange re- 
actions, homogeneous, 1028 

— — —- — heterogeneous, 1044 

— uses, 1U51 . 

—— uses in kinetic studies, 1024 

Radium iodate, 890 

Radon, separation of, 459 

Rare-earth metal bromates, solubility, 769 

Refrigerants, 210 

Rhenium fluorides, 64 

ixhodium fluoride, 65 

Rocks, iodine in, $15 


Tit 


Rubidium bromate, 763 

— chlorate, 589, 597 

— chloride, cyclotron target, 1012 
— chlorite, 573 

—— fluoride, 120 

—— iodate, 887 

— perchlorate, 608 

— periodate, 902 

— — compressibility, 901 


S 
Salesite, 815 
Salt, composition of raw, 274 
Salts, reactions with chlorine, 382 
Salt cake process, 406 
Salting out’, 454 
Sampleite, 264 
Sarawakite, 263 
Scapolites, 265 
Schairerite, 263 
Schwarzembergite, 263, 815 
Selenium, f-decay, 1130 
—— bromide, 714 
—— fluorides, 58 
Sellaite, 5 
Silica, reaction with chlorine, 380 
—- gel, 333 
—— —— adsorption of iodine, 842 
Silicofluorides, toxicity of, 244, 245 
Silicones, reaction of, with hydrogen 
fluoride, 132, 138 
Silver, corrosion by chlorine, 387 
—— bromate, 764 
—— —— properties, 766 
—— —— solubility, 764, 765, 766 
—— bromide, ageing, 1017 
—— chlorate, 592 
—— chlorite, 574 
—— fluoride, 16, 63, 74, 121, 158, 164 
—— hypochlorite, 560 
—— iodate, 888 
—— —— electrode potential, 888 
— — solubility, 889 
—— —— thermodynamic data, 388 
— — — solubility product, 8&8 
—— iodide, ageing, 1017 
—— perchlorate, 616 
—— periodate, 902 
—— —— molar heat capacity, 903 
Simons’ electrochemical process, 202 
Sodalite, 354 
Sodium amalgam potentials, 299 
—— amidochlorate, 531 
—— bromate, 756 
—— — atomic parameters, 758 
—— —— bombardment with neutrons, 1112 
—— —— compressibility, 757 
—— —— elastic constants, 757 
— —— piezoelectric effect, 757 
— — solubility, 756 
—— — solution, equivalent conductivity, 
758 
—— — — osmotic and activity coef- 
ficients, 758 
Sodium bromate-sodium salt systems, 
solubility and density, 759 
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Sedium bromide, cyclotron target, 1012 

—— chlorate, 590 596 

——- —— cyclotron irradiation, 1005 

—— —— elastic constants, 590 

we yea and activity coefficients, 

9 

—— —— thermal properties, 589 

—— chloride, cyclotron target, 1012 

—— —— fused, electrolysis of, 312 

—— chlorite, 573 

—— —— decomposition of, 571 

-—— chlorosulphonate, 316 

—— fluoride, cyclotron target, 1012 

—— —— poisoning by, 249 

— hydroxide, 291, 310, 311, 312 

—— hypobromite, 751 

—— hypochlorite, 367, 557 

—— iodate, 884 

—— —— compressibility, 884 

—— —— equivalent conductance, 885 

—— —— irradiation by neutrons, 1131 

—— —— solubility, 884, 885 

—— perchlorate, 607 

—— —— cyclotron irradiation, 1005 

— — periodate, 896, 901 

— —— compressibility, 901 

—~— ——- irradiation by neutrons, 1131 

——- thiosulphate, 461 

Soils, iodine in, 816 

Spangolite, 264 

Stannic chloride, 456 

—— periodate, 905 

Stannous perchlorate, 612 

Starch-iodine, 842, 942, 946 

— spectrum, 928 

Steel, corrosion by chlorine, 386 

—— stainless, corrosion of, by hydro- 

fluoric acid, 139 

Strontium bromate, 766 

—— ~—— magnetic susceptibility, 767 

—— chlorate, 578, 592 

—— hypobromite, 752 

— — hypochlorite, 560 

—— iodate, 889 

—— iodide, oxidation by gamma-rays, 1101 

—— periodate, 904 

Sulphides, reaction with hydrogen chlor- 
ide, 456 

—— —— —— jodine monochloride, 501 

Sulphohalite, 264 

Sulphonyl bromofluoride, 166 

Sulphur bromide, 714 

—— dioxide, reaction with chlorine, 379 

—— fluorides, 57 

—— tetroxide, 56 

—— trioxide, reaction with sodium chlor- 
ide, 316 

Sulphuryl chloride, 317, 408 

—— chlorofluoride, 132 

Svabite, 264 

System HF=-NaCl-HCl-NaF, 
in, 130 

Szilard-Chalmers effect, 1106, 1111, 1112 

—— process, 1004, 1054 
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Teepleite, 263 

Teflon, 142, 203, 209 

Tellurium, B-decay, 1134 
Tellurium- 130, source of iodine-131, 1003 
Tellurium bromide, 714 
Tetrachlorohexafluorobutane, 204 
Tetraethylammonium trichloride, 369 
Tetrafluoroethylene, 203 

Thallic periodate, 904 

Thallium chloride, 455 

—— chlorite, 574 

—— perchlorate, 611 

Thallous bromate, 769 

—— iodate, 891 

Thiocarbonyl octafluoride, 215 
Thionyl chlorofluoride, 166, 176 
Thorium iodate, 892 

—— periodate, 905 

Thyroid function, 817, 958 

—— gland, 1052, 1056, 1058, 1059 
—— —— concentration of astatine in, 1076 
Thyroxine, 1056, 1058 

Titanium chloride, 456 

—— periodate, 904 

Tocornalite, 815 

Topaz, 5 

Tribromine octoxide, 748 
Tribromoaniline, 690 
Tribromophenol, 690 
Trifluoroacetic acid, 212 
Trifluoropropyne, 204 

Tri-iodide ion, spectrum, 934 
Tri-iodothyronine, 1058 
Trimethyltriazines, chloro/fluorinated, 214 
Trolitul, 138 

Trudellite, 263 

Tungsten oxyfluoride, 133 
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Uranium-233, pile fission, 1003 

Uranium-235, pile fission, 1003 

Uranium fluorides, 64 ; 

—- hexafluoride, dissociation of salts of 
Ol; is 

—— iodate, 892 

Uranyl perchlorate, 617 

—— periodate, 906 


V 
Vanadates, reduction by hydrogen chlor- 
ide, 462 
Vanadium perchlorate, 614 
Vinyl fluoride, 135 
Vitamin D, analysis, 510 
W 


Walden inversion, mechanism, 1018 


INDEX 153 


Welding, use of fluorine in, 55 | Zine bromate, 767 
Wherryite, 264 —— chlorate, 577 
Wood preservation, 143 —— chlorite, 575 
— fluoride, 121 
Y — hypochlorite, 560 
Yttrium periodate, 904 —— iodate, 890 
—— perchlorate, 615 
a —— periodate, 904 


zamboninite, 4 Zirconium periodate, 905 
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